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Foreword 


THE  “prime  mover”,  whether  it  be  a  massive,  majestic 
Corliss,  a  rapidly  rotating  steam  turbine,  or  an  iron 
“greyhound”  drawing  the  Limited,  is  a  work  of 
mechanical  art  which  commands  the  admiration  of  everyone. 
And  yet,  the  complicated  mechanisms  are  so  efficiently  designed 
and  everything  works  so  noiselessly,  that  we  lose  sight  of  the 
wonderful  theoretical  and  mechanical  development  which  was 
necessary  to  bring  these  machines  to  their  present  state  of 
perfection.  Notwithstanding  the  genius  of  Watt,  which  was  so 
great  that  his  basic  conception  of  the  steam  engine  and  many 
of  his  inventions  in  connection  with  it  exist  today  practically  as 
he  gave  them  to  the  world  over  a  hundred  years  ago,  yet  the 
mechanics  of  his  time  could  not  build  engine  cylinders  nearer 
true  than  three-eighths  of  an  inch  —  the  error  in  the  modern 
engine  cylinders  must  not  be  greater  than  two-thousandths 
of  an  inch. 

But  the  developments  did  not  stop  with  Watt.  The  little 
refinements  brought  about  by  the  careful  study  of  the  theory 
of  the  heat  engine;  the  reduction  in  heat  losses;  the  use  of 
superheated  steam;  the  idea  of  compound  expansion ;  the  devel¬ 
opment  of  the  Stephenson  and  Walschaert  valve  gears  — all 
have  contributed  toward  making  the  steam  engine  almost 
mechanically  perfect  and  as  efficient  as  is  inherently  possible. 
C.  The  development  of  the  steam  turbine  within  recent  years 
has  opened  up  a  new  field  of  engineering,  and  the  adoption  of 
this  form  of  prime  mover  in  so  many  stationary  plants  like  the 
immense  Fisk  Station  of  the  Commonwealth  Edison  Company, 
as  well  as  its  use  on  the  gigantic  ocean  liners  like  the  Lusitania, 
makes  this  angle  of  steam  engineering  of  especial  interest. 


4L  Adding  to  this  the  wonderful  advance  in  the  gas  engine 
field  —  not  only  in  the  automobile  type  where  requirements  of 
lightness,  speed,  and  reliability  under  trying  conditions  have 
developed  a  most  perfect  mechanism,  but  in  the  stationary  type 
which  has  so  many  fields  of  application  in  competition  with 
its  steam-driven  brother  as  well  as  in  fields  where  the  latter 
can  not  be  of  service  —  you  have  a  brief  survey  of  the  almost 
unprecedented  development  in  this  most  fascinating  branch  of 
Engineering. 

H  This  story  has  been  developed  in  these  volumes  from  the 
historical  standpoint  and  along  sound  theoretical  and  prac¬ 
tical  lines.  It  is  absorbingly  interesting  and  instructive  to  the 
stationary  engineer  and  also  to  all  who  wish  to  follow  modern 
engineering  development.  The  formulas  of  higher  mathematics 
have  been  avoided  as  far  as  possible,  and  every  care  has  been 
exercised  to  elucidate  the  text  by  abundant  and  appropriate 
illustrations. 

The  Cyclopedia  has  been  compiled  with  the  idea  of  making  it 
a  work  thoroughly  technical,  yet  easily  comprehendible  by  the 
man  who  has  but  little  time  in  which  to  acquaint  himself  with 
the  fundamental  branches  of  practical  engineering.  If,  there¬ 
fore,  it  should  benefit  any  of  the  large  number  of  workers  who 
need,  yet  lack,  technical  training,  the  publishers  will  feel  that 
its  mission  has  been  accomplished. 

<1  Grateful  acknowledgment  is  due  the  corps  of  authors  and 
collaborators  —  engineers  and  designers  of  wide  practical  expe¬ 
rience,  and  teachers  of  well-recognized  ability  —  without  whose 
co-operation  this  work  would  have  been  impossible. 
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GAS  AND  OIL  ENGINES 

PART  I 


INTRODUCTION 

Classification  of  Heat  Engines.  The  heat  engine  is  at  present 
the  most  important  of  all  the  available  generators  of  power.  Its 
purpose  is  to  convert  into  work  the  heat  derived  from  the  combustion 
of  fuel. 

Heat  engines  may  be  divided  into  two  broad  classes,  according 
to  where  the  combustion  of  the  fuel  takes  place.  In  one  class  the 
combustion  takes  place  entirely  outside  the  working  cylinder,  the  heat 
of  combustion  being  transmitted  by  conduction  through  the  walls  of 
a  containing  vessel  to  the  substance  which  constitutes  the  active 
working  agent.  Such  engines  may  be  called  external-combustion 
motors .  The  most  common  example  of  this  class  is  the  steam  engine. 
Another  example,  which  is  but  little  used,  is  the  hot-air  engine.  If 
the  combustion  takes  place  inside  the  engine  itself,  or  in  a  communi¬ 
cating  vessel,  so  that  the  products  of  combustion  act  directly  on  the 
engine,  we  have  an  engine  of  the  second  class — the  so-called  internal- 
combustion  motor.  Gas  and  oil  engines  are  the  most  common 
examples  of  this  type  of  motor. 

EXTERNAL=COMBUSTION  MOTORS 

Characteristics  and  Efficiency  of  Steam  Engines.  Engines  of 
the  second  class  have  certain  inherent  advantages  over  external- 
combustion  motors.  In  the  steam  engine — practically  the  most  per¬ 
fect  of  the  external-combustion  motors — the  heat  of  combustion  gen¬ 
erated  in  the  furnace  passes  through  the  plates  of  the  boiler  to  the 
water  on  the  other  side.  In  the  best  modern  plants,  in  which  the 
boilers  are  equipped  with  superheaters,  about  22  to  25  per  cent  of 
the  heat  is  wasted  during  this  process  by  radiation  and  by  loss  up 
the  chimney.  In  plants  not  equipped  with  superheaters  the  water 
in  the  boiler  is  heated  to  a  temperature  which  does  not  exceed 
400°  F.,  at  which  temperature  its  pressure  is  nearly  250  pounds  per 
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square  inch.  (If  the  water  were  heated  to  a  much  higher  temperature, 
the  pressure  would  be  too  great;  for  example,  at  500°  F.  the  pressure 
would  be  700  pounds,  requiring  boilers  and  engines  stronger  than  are 
at  present  practicable.)  In  modern  plants,  equipped  with  super¬ 
heaters,  the  steam  is  superheated  to  a  maximum  of  650°  F.,  at  a 
pressure  of  175  to  200  pounds  per  square  inch.  The  products  of 
combustion  in  the  furnace  have  a  temperature  which  is  seldom  less 
than  2000°  F.  Consequently,  even  with  the  use  of  superheated 
steam,4 there  is  necessarily  a  very  large  drop  in  temperature  as  the 
heat  passes  through  the  boiler  plates.  The  proportion  of  the  total 
heat  going  to  an  engine,  which  can  be  converted  by  the  engine  into 
work,  depends  chiefly  upon  the  temperature  range  of  the  working 
substance;  and  in  the  steam  engine  this  range  is  made  comparatively 
small,  not  exceeding  300°  F.  when  saturated  steam  is  used,  and 
550°  F.  when  superheated  steam  is  used. 

Consequently,  a  steam  plant  not  only  loses  much  of  its  heat  upi 
the  chimney,  but  also  is  able  to  convert  only  a  small  part  of  the  heat 
that  goes  to  the  engine  into  work.  In  the  best  modern  steam  engines 
and  turbines  only  about  20  to  22  per  cent  of  the  heat  going  to  the 
engine  is  converted  into  work;  about  16  to  17  per  cent  of  the  heat  of 
combustion  of  the  fuel  is  converted  into  work  in  the  best  modern 
steam  plants.  The  ordinary  steam  engine  does  not  convert  into 
work  more  than  from  6  to  10  per  cent  of  the  heat  of  combustion  of 
the  fuel.  An  economical  steam  plant  consists  not  only  of  boilers 
and  engines,  but  has  also  a  large  number  of  auxiliaries,  such  as  feed 
pumps,  air  pumps,  condensers,  feed-water  heaters,  economizers,  coal 
conveyors,  and  steam  traps.  After  shutting  down,  it  requires  con¬ 
siderable  time  and  fuel  to  raise  steam  in  the  boilers  before  the  plant 
can  be  put  again  in  operation;  or,  if  the  fires  are  kept  banked  so  as 
to  maintain  steam  pressure  while  the  engines  are  not  running,  a 
considerable  amount  of  fuel  will  be  used  for  this  purpose  without 
any  corresponding  work  being  done. 

INTERNAL=COMBUSTION  MOTORS 

Characteristics  and  Efficiency  of  Gas  Engines.  In  the  internal- 

combustion  motor,  where  the  fuel  is  a  gas  or  volatile  oil,  there  is  no 
apparatus  corresponding  to  a  boiler,  and  no  losses  corresponding  to 
the  boiler  losses.  If  the  fuel  is  coal,  it  has  to  be  converted  into  gas 
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before  it  can  be  used  in  an  internal-combustion  motor;  and  this 
necessitates  the  use  of  a  gas  producer,  in  which  some  heat  will  be 
lost,  though  not  so  much  as  is  usual  in  a  boiler.  The  fuel,  being 
burned  in  the  engine,  gives  there  a  temperature  of  from  2000°  F.  to 
3000°  F.,  so  that  the  temperature  range  in  the  engine  is  very  large — 
from  2  to  3  times  that  obtaining  in  a  steam  engine;  consequently, 
the  engine  can  be  more  efficient — that  is,  can  convert  a  larger  pro¬ 
portion  of  the  heat  of  combustion  into  work — than  in  a  steam  plant. 
The  high  temperatures  are  not  necessarily  accompanied  by  high 
pressures,  because  it  is  air — not  hot  water — which  is  heated  to  those 
temperatures.  In  practice,  the  best  internal-combustion  motors 
have  converted  35  per  cent  of  the  heat  of  combustion  into  work,  or 
twice  as  much  as  the  best  steam  engines;  and  the  ordinary  small  gas 
engine  will  convert  from  15  to  20  per  cent  of  the  heat  of  combustion 
into  work.  The  internal-combustion  plant  is  also  much  simpler, 
having  but  few  auxiliaries.  The  number  of  men  necessary  to  run  a 
large  gas-engine  plant  is  small.  The  plant  is  ready  to  start  up  at  a 
minute’s  notice,  and  the  standing  losses  are  very  small  or  nothing. 
When  a  liquid  fuel  is  used,  the  absence  of  a  boiler  or  other  auxili¬ 
aries  makes  the  internal-combustion  motor  lighter,  more  compact, 
and  more  easily  portable  than  any  other  motor.  The  absence  of  a 
boiler  also  does  away  with  the  risk  of  disastrous  explosions.  Con¬ 
sequently,  no  inspection  is  required  by  law,  no  license  is  necessary 
for  running  the  plant,  and  lower  rates  for  insurance  are  secured. 

The  practical  use  of  the  infernal-combustion  motor  is  a  com¬ 
paratively  recent  development.  The  last  twenty  years  have  brought 
about  great  improvements  in  its  operation,  a  marked  increase  in  its 
use,  and  a  large  extension  in  its  various  applications.  The  internal- 
combustion  motor  is  less  uniform  in  its  speed  of  rotation,  and  is  more 
liable  to  derangement  than  the  steam  engine;  but  these  difficulties 
have  been  largely  overcome,  so  that  modern  gas  engines  are  used 
for  electric  lighting,  and  have  a  reliability  but  little  short  of  that  of 
the  steam  engine. 

Fuels  Used.  The  fuels  used  in  external-combustion  motors 
may  be  solid,  liquid,  or  gaseous.  In  internal-combustion  motors, 
solid  fuels  must  be  gasified  before  they  are  taken  into  the  engine, 
because  the  incombustible  matter,  or  ash,  present  in  them,  would 
rapidly  destroy  the  rubbing  surfaces  in  the  cylinders.  The  actual 
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fuels  going  to  the  engine  are  either  gaseous  or  liquid,  and  the  latter 
may  be  sent  into  the  cylinder  either  as  a  vapor  or  as  a  liquid.  There 
is  no  essential  difference  between  engines  using  gas  and  those  using 
oil;  the  cycle  of  operations  occurring  in  the  cylinder  is  the  same  with 
both  kinds  of  fuel;  the  only  differences  are  structural  and  the  addi¬ 
tion  of  special  apparatus  for  vaporizing  the  oil.  An  engine  can  be, 
and  often  is,  quickly  converted  from  a  gas  to  an  oil  engine. 

In  the  present  work,  whatever,  presentation  is  made  of  thermo¬ 
dynamic  theory  applies  to  both  gas  and  oil  engines.  The  features 
of  oil  engines  are  treated  after  the  discussion  of  the  gas  engine. 

HISTORICAL  SKETCH 

I 

The  history  of  the  development  of  the  internal-combustion 
motor  begins  with  the  invention  of  cannon.  A  .gun  is  a  motor  in 
which  the  working  substance  is  the  gas  resulting  from  the  combustion 
of  the  powder,  and  in  which  work  is  done  on  the  projectile,  giving  it 
kinetic  energy.  Such  a  motor  is  not  continuous  in  its  action,  but  it 
offers  possibilities  of  a  practicable  engine  if  the  powder  charge  is 
small  and  the  projectile  or  piston  on  which  the  gases  act  is  restricted 
in  its  movement.  The  earliest  internal-combustion  motors  devised 
for  doing  useful  work  were  intended  to  use  gunpowder.  The  first  of 
these  was  suggested  by  Abbe  Hautefeuille  in  1678,  and  was  followed 
shortly  by  others,  none  of  which  were  practically  realizable  in  the 
state  of  the  mechanic  arts  at  that  time. 

It  was  not  until  the  discovery ’by  Murdock,  near  the  end  of  the 
eighteenth  century,  that  a  combustible  gas  could  be  obtained  from 
coal  by  a  process  of  distillation,  that  a  practical  internal-combustion 
motor  was  possible.  As  soon  as  the  properties  and  method  of  manu¬ 
facture  of  coal  gas  became  known,  numerous  attempts  were  made  to 
use  it  in  engines.  Up  to  the  year  1860,  many  engines  were  devised 
and  patented,  and  in  several  cases  constructed,  operated,  and  sold. 
None  of  these  engines,  however,  can  be- said  to  have  been  satisfac¬ 
tory.  They  were  irregular  in  action,  noisy,  wasteful  of  fuel,  and  in 
general  had  practical  defects. 

Lenoir  Engine.  The  Lenoir  engine,  which  appeared  in  1860,  was 
the  first  really  practical  gas  engine.  Hundreds  of  these  engines  were 
made  and  sold;  and  the  greatest  interest  in  this  type  was  aroused  in 
France,  where  it  was  built,  and  in  England,  where  it  was  largely  used* 
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In  general  appearance,  the  engine  resembles  a  double-acting 
horizontal  steam  engine.  The  cylinder,  shown  in  horizontal  section 
in  Fig.  1,  has  a  separate  admission  port  a  and  exhaust  port  b  at  each 
end.  The  valves  are  simple  slide  valves,  driven  by  eccentrics,  and 
so  designed  that  the  inside  edges  alone  uncover  the  ports.  The 
valve  G  is  used  for  the  admission  of  the  explosive  mixture,  which  con¬ 
sists  of  air  entering  the  valve  cavity  from  d  and  gas  coming  through 
one  of  the  branches  r  of  the  gas  pipe,  and  passing  through  the  hole 
i  in  the  valve.  The  air  and  gas  enter  the  port  a  through  a  number 


Fig.  1.  Horizontal  Section  of  Cylinder  and  Valves  of  Lenoir  Engine 


of  small  holes,  in  which  they  are  thoroughly  mixed;  and  the  mixture 
is  exploded  in  the  cylinder,  when  desired,  by  an  electric  igniter  n. 
The  exhaust  is  through  the  port  b  and  the  cavity  in  the  exhaust 
valve  H  to  the  atmosphere.  As  the  cylinder  rapidly  becomes  very 
hot,  it  is  provided  with  a  water  jacket. 

The  series  or  cycle  of  operations  which  takes  place  in  this  engine 
is  as  follows :  During  the  first  part  of  the  stroke,  the  admission  valve 
G  uncovers  the  port  a,  so  that  a  mixture  of  air  and  gas  enters  the 
cylinder,  filling  the  space  behind  the  piston.  At  half-stroke,  the 
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valve  closes  the  port,  and  a  spark  from  an  induction  coil  passes 
between  the  terminals  n  of  the  electric  igniter,  exploding  the  mixture 
and  raising  its  pressure  to  60  or  70  pounds  per  square  inch.  The 
piston  is  then  forced  to  the  end  of  its  stroke,  the  products  of  com¬ 
bustion  expanding  behind  it.  At  the  end  of  the  stroke,  the  valve 
H  uncovers  the  exhaust  port,  and  keeps  it  open  throughout  the 
whole  of  the  return  stroke,  so  that  all  the  products  of  combustion  are 
expelled  to  the  atmosphere.  A  similar  cycle  of  operations  occurs  on 
the  other  side  of  the  piston.  In  Fig.  1,  the  valve  G  is  just  opening 
the  port  at  the  left,  so  that  admission  may  take  place  there;  and  the 
valve  H  is  just  opening  the  port  at  the  right,  so  that  exhaust  may 
occur  from  the  other  end  of  the  cylinder.  A  reproduction  of  an 
indicator  card  from  this  engine  is  shown  in  Fig.  2. 

This  engine  gave  considerable 
trouble  in  many  cases,  but  the 
principal  reason  for  the  falling-off 
in  its  use  was  the  large  amount  of 
gas  it  required.  It  used  from  60 
to  70  cubic  feet  of  coal  gas  per 
indicated  horsepower  per  hour,  or 
from  three  to  four  times  as  much  as 
a  modern  gas  engine,  so  that  it  did 
not  compare  very  favorably  with  the  steam  engine  in  its  running  cost] 

Otto  Engine.  Four-Stroke  Otto  Cycle.  In  the  year  1862,  it  was 
pointed  out  by  a  French  engineer,  Beau  de  Rochas,  that  in  order  to 
get  high  economy  in  a  gas  engine  certain  conditions  of  operation 
were  necessary.  The  most  important  of  these  conditions  is  that 
the  explosive  mixture  shall  be  compressed  to  a  high  pressure  before 
ignition.  In  order  to  accomplish  this,  he  proposed  that  the  cycle  of 
operations  should  occupy  four  strokes,  or  two  complete  revolutions,! 
of  the  engine,  and  that  the  operations  should  be  as  follows : 

(1)  Suction  or  admission  of  the  charge  of  gas  and  air  through-4 
out  the  complete  forward  stroke. 

(2)  Compression  of  the  explosive  mixture  during  the  whole  of 
the  return  stroke,  so  that  it  finally  occupies  only  the  clearance  spaced 

(3)  Ignition  of  the  charge  at  the  end  of  the  second  stroke,  and 
expansion  of  the  exploded  mixture  throughout  the  whole  of  the  next 
forward  stroke. 


60 
45- 
30- 
15 
O  . 

Fig.  2.  Indicator  Card  of  Lenoir  Engine 
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(4)  Exhaust,  beginning  at  the  end  of  the  forward  stroke,  and 
continuing  throughout  the  whole  of  the  last  return  stroke. 

Fig.  3  is  a  diagram  showing  the  operations  of  the  four-stroke 
cycle. 

This  cycle  was  not  actually  used  until  1876,  when  Dr.  Otto 
adopted  it  in  his  engine  and  thereby  produced  the  modern  gas 
engine.  The  four-stroke  cycle  of  Beau  de  Rochas  is  now  universally 
known  as  the  “Otto 
Cycle”. 

Diesel  Engine. 

Four-Stroke  Diesel  or 
Constant-Pressure  Com¬ 
bustion  Cycle.  In  1872, 

Brayton  took  out  Amer¬ 
ican  patents  on  an  en¬ 
gine  adapted  to  burn  gas, 
and  in  1874  patents  cov¬ 
ering  an  engine  adapted 
to  burn  liquid  hydrocar¬ 
bons.  These  engines 
were  the  first  in  which 
the  fuel  was  burned  at 
constant  pressure.  It  was 
a  thoroughly  practical 
machine  and  found  con¬ 
siderable  application,  but 
its  maximum  pressure 
was  only  about  45  pounds  per  square  inch ;  consequently,  its  economy 
was  so  low  as  to  prohibit  its  competing  with  other  engines. 

In  1895,  Dr.  Rudolph  Diesel  produced  an  engine  which,  with  its 
improvements  and  modifications,  is,  to  date,  the  most  important 
development  in  heavy  oil  engines.  In  this  engine,  air  alone  is  com¬ 
pressed  in  the  engine  cylinder  to  such  a  pressure  as  to  heat  it  above 
the  ignition  point  of  the  oil  fuel.  As  this  high  pressure  is  reached 
gradually,  it  does  not  cause  a  shock  to  the  engine,  such  as  an 
explosion  which  reached  the  same  pressure  would  give. 

At  the  end  of  the  compression  stroke,  when  the  air  is  at  this  high 
pressure  and  temperature,  the  oil  is  injected  into  the  cylinder  by  air 


Fig.  3.  Diagram  Showing  Operation  of  Otto  Four-Stroke 
Cycle;  Lower  Part  of  Diagram,  Near 
Atmosphere,  Exaggerated 
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which  has  been  compressed  to  a  still  higher  pressure  in  a  separate, 
small  compressor.  The  oil  spray  is  vaporized,  or  atomized,  and  is 
ignited  as  it  enters,  by  the  hot  air.  Since  the  piston  is  moving 
forward,  and  the  oil  vapor  is  burned  as  it  enters,  the  combustion 
can  be  made  to  occur  without  increase  of  pressure;  in  the  actual 
engine  the  pressure  drops  slightly.  The  method  of  burning  is,  in 
fact,  essentially  similar  to  that  of  an  ordinary  gas  burner,  and  not 
to  that  of  an  explosive  mixture;  consequently  the  oil  will  bum  with 
any  excess  of  air  present.  The  power  of  the  engine  is  regulated  by 
governing  the  proportion  of  the  stroke  during  which  oil  is  injected. 
The  other  events  in  this  cycle  take  place  exactly  as  in  the  Otto 


cycle.  Fig.  4  is  a  diagram  showing  the  operations  of  a  four-stroke 
Diesel  cycle,  having  the  lower  part  of  the  diagram,  near  the  atmos- 
phere  line,  exaggerated. 


THERMODYNAMICS  OF  INTERNAL^ 
COMBUSTION  CYCLES 

OTTO  CYCLE 

Explosive  Mixture.  In  Otto-cycle  engines  the  explosive  mixture 
in  the  cylinder  consists  of  air  mixed  with  a  smaller  volume  of  the 
gaseous  or  liquid  fuel.  For  instance,  if  the  engine  uses  gas  supplied 
from  the  city  mains,  the  mixture  will  average  about  8  or  9  parts  of 
air  to  1  of  gas,  and  should  never  have  less  than  about  6  parts  of  air 
to  1  of  gas.  This  mixture  will  behave,  up  to  the  time  when  the 
explosion  takes  place,  as  if  it  vvere  pure  air.  Also,  the  products  of 
combustion,  after  the  explosion  is  completed,  have  physical  proper- 
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ties  only  slightly  different  from  those  of  air;  and,  consequently  the 
working  substance  in  the  cylinder  can  be  regarded,  without  serious 
error,  as  consisting  entirely  of  air.  In  the  following  discussion  of 
what  occurs  in  the  engine  cylinder,  it  is  assumed  throughout  that 
the  substance  in  the  cylinder  has  the  physical  properties  of  air. 

Ideal  Cycle.  Admission  Stroke.  The  processes  taking  place  in 
the  cylinder  of  an  ideal  engine  are  best  represented  on  a  pressure- 
volume  diagram.  At  the  beginning  of  the  cycle  the  piston  is  at  the 
end  of  its  path  and  is  about  to  begin  its  outstroke.  The  clearance 
space  is  full  of  products  of  combustion;  the  pressure  is  atmospheric 
pressure,  because  the  cylinder  has  been  in  communication  with  the 
atmosphere  through  the  exhaust  valve,  which  has  just  closed.  The 
condition  existing  in  the  cylinder 
at  this  instant  is  represented  in 
the  diagram,  Fig.  5,  by  the  point 
1,  which  is  at  a  horizontal  dis¬ 
tance  from  the  vertical  axis  rep¬ 
resenting  the  clearance  volume, 
and  at  a  vertical  distance  above 
the  horizontal  axis  representing 
the  atmospheric  pressure  of  14.7 
pounds  per  square  inch.  As  the 
piston  makes  its  outstroke,  the  admission  valve  opens,  admitting  the 
charge  to  the  cylinder  throughout  the  stroke;  and,  as  the  cylinder  is  in 
communication  with  the  outside  air  through  the  air-admission  valve, 
the  pressure  in  the  cylinder  remains  atmospheric  pressure  through¬ 
out  the  stroke.  On  the  diagram  the  admission  is  represented  by  the 
line  1-2 y  which  is  at  the  constant  height,  representing  the  atmospheric 
pressure,  and  whose  length  represents  the  volume  of  the  charge  taken 
in,  which  is  the  same  as  the  volume  through  which  the  piston  moves. 
The  point  2  represents  the  condition  at  the  end  of  the  first  stroke. 

Compression  Stroke.  The  admission  valve  now  closes,  and  the 
piston  makes  its  return  stroke.  Since  all  the  valves  are  closed,  the 
charge  cannot  escape  and  is  crowded  into  a  smaller  volume,  while  its 
pressure  rises.  The  process  continues  until  the  piston  reaches  the 
end  of  its  stroke,  at  which  time  the  whole  charge  is  compressed  into 
the  clearance  space.  This  process  is  represented  by  the  line  2-3, 
which  shows  the  rise  in  pressure  resulting  from  the  compression. 
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A  compression  of  this  kind,  occurring  without  the  addition  or  the 
abstraction  of  heat  from  the  gas,  is  called  an  adiabatic  compression.  1 
It  causes  an  increase,  not  only  in  the  pressure,  but  also  in  the  tem¬ 
perature  of  the  gas.  It  is  the  process  which  takes  place  in  the  work¬ 
ing  of  an  ordinary  bicycle  pump,  and  which  causes  its  rise  in  tem¬ 
perature.  The  relation  between  the  pressure  of  air  and  its  volume 
when  subject  to  adiabatic  compression  is 

P  J71-405  =  constant 

Note  carefully  that  in  this  equation  P  means  the  absolute  pressure, 
and  not  the  pressure  shown  by  a  gage.  If  exchanges  of  heat  occur 
between  the  gas  and  the  cylinder  while  the  compression  is  taking 
place,  the  relation  between  the  pressure  and  the  volume  of  the  air 
can  usually  be  represented  by  the  equation 
P  Vn  =  constant 

where  n  has  a  value  greater  than  1.405  if  heat  is  added  to  the  gas, 
and  less  than  1.405  if  heat  is  being  abstracted  from  it,  during  the 
compression.  Compressions  following  this  equation  are  often  called 
“polytropic  compressions”. 

Power  Stroke.  When  the  charge  has  reached  the  condition 
represented  by  the  point  3,  it  is  ignited,  and  the  heat  generated  by  j 
the  explosion  raises  the  temperature,  and  consequently  the  pressure, 
of  the  mixture.  The  combustion  occurs  so  rapidly  that  the  piston 
has  not  time  to  start  on  the  outstroke  before  the  combustion  is  com¬ 
pleted,  and  the  rise  of  pressure  occurs,  as  is  shown  by  the  line  3~4, 
while  the  volume  of  the  gas  is  constant.  The  hot  products  of  com¬ 
bustion  at  the  pressure  P4  now  force  the  piston  out,  and,  expand¬ 
ing  behind  it,  they  fall  in  pressure.  This  expansion,  occurring 
without  communication  of  heat  to  or  from  the  gas,  is  adiabatic 
expansion ,  and  is  consequently  accompanied  by  a  fall  in  temperature 
of  the  gas.  If  heat  is  added  or  abstracted,  the  expansion  is  poly¬ 
tropic,  but  not  adiabatic.  The  equations  of  adiabatic  or  poly  tropic 
expansion  curves  are  the  same  as  those  of  similar  compression  curves. 

Exhaust  Stroke.  At  the  point  5  the  piston  is  at  the  end  of  the 
stroke,  and  no  more  expansion  is  possible.  The  exhaust  valve 
opens,  and  the  pressure  in  the  cylinder  falls  immediately  to  atmos¬ 
pheric  pressure,  as  shown  by  the  line  5-2  in  the  diagram.  Through¬ 
out  the  last  return  stroke,  2-1,  the  exhaust  valve  remains  open,  so 
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that  the  pressure  in  the  cylinder  remains  atmospheric  pressure.  The 
completed  diagram,  Fig.  5,  shows  the  whole  series  of  pressure  and 
volume  changes  occurring  in  a  gas  engine,  and  is  such  a  diagram  as 
would  be  taken  by  an  indicator  from  a  perfect  engine.  The  area 
2-S-4-5  enclosed  by  the  diagram  represents  the  work  done  by  the 
engine  per  cycle. 

Pressures  and  Temperatures  During  the  Cycle.  The  pressures 
and  temperatures  of  the  working  substance,  and  the  amount  of  work 


Fig.  6.  Polytropic  Expansion  or  Compression  Curves  for  Otto  Cycle 


done  in  an  engine  which  exactly  follows  the  Otto  cycle,  can  be  readily 
calculated.  Starting  at  the  point  2,  Fig.  5,  there  is  present  in  the 
cylinder  a  volume  F2  at  atmospheric  pressure  P2  and  at  the  tempera¬ 
ture  t2,  which  will  be  assumed  to  be  the  temperature  of  the  air  as  it 
came  into  the  cylinder. 

Pressure  After  Compression  of  Gas .  The  working  substance  is 
compressed  adiabatically  until  it  fills  only  the  clearance  volume  V3 . 
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The  consequent  rise  in  pressure  can  be  calculated  from  the  formula 
already  given;  but  it  is  more  simply  obtained  from  the  adiabatic 
curve,  Fig.  6,  which  gives  the  relation  between  the  changes  of  volume 
and  of  pressure  in  adiabatic  expansion  or  compression.  The  hori¬ 
zontal  scale  in  this  diagram  is  the  ratio  of  expansion  or  compression, 
and  the  vertical  scale  shows  the  corresponding  ratio  of  the  pressures 
at  the  beginning  and  end  of  the  expansion  or  compression.  If,  for 
example,  the  working  substance  expands  adiabatically  to  five  times 
its  original  volume,  the  pressure  (which  varies  inversely  as  the 


volume),  is  shown  by  the  curve  to  fall  to  of  its  original  value. 


Conversely,  if  the  working  substance  is  compressed  to  —  the  original 

5 


volume,  the  pressure  rises  to  9.67  times  its  original  value.  Conse¬ 
quently,  the  pressure  at  the  point  8,  Fig.  5,  can  be  found  by  the  use 
of  this  curve. 


Example.  A  gas  engine  with  33|  per  cent  clearance  takes  in  its  charge  at 
14.7  pounds  per  square  inch  pressure.  What  is  the  pressure  at  the  end  of  the 
adiabatic  compression? 

Solution.  The  clearance  volume  V3  is  33f  per  cent  of  the  volume  V2  —  V3, 
through  which  the  piston  moves;  or 


and 


OOl 

v^m(V2~Va) 


=  i(L2-73) 
SV3  =  V2-V3 
4V3  =  V2 


From  the  curve,  Fig.  6,  if  the  ratio  of  compression  is  4,  the  corresponding 
ratio  of  pressures  is  7  (a  more  accurate  determination  shows  this  value  to  be 
7.06,  which  will  be  used  in  the  subsequent  problem),  so  that  the  pressure  at  the 
end  of  compression  is  7.06  times  the  pressure  at  the  beginning  of  compression. 
Therefore,  the  pressure  at  the  end  of  compression,  P3  =  7.06X14.7,  or  103.8 
pounds  per  square  inch,  absolute. 


Temperature  After  Compression  of  Gas.  The  temperature  at 
the  end  of  the  adiabatic  compression,  or  other  polytropic  compres¬ 
sions,  can  be  found  from  the  equation  for  a  perfect  gas.  This  may 
be  stated  in  the  form 

PV=wRT 
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where  w  is  the  weight  of  the  gas;  R  is  a  constant  for  any  perfect  gas, 
and  has  the  value  53.2  for  air;  P  is  the  pressure  in  pounds  per  square 
foot,  absolute;  and  T  is  the  absolute  temperature  of  the  gas.  The 
weight  of  the  gas  is  constant  throughout  the  adiabatic  compression, 
and  can  be  found  from  the  point  2  if  P2,  V2,  and  T2  are  known. 
The  temperature  at  3  can  then  be  found  from  the  equation 
PzVs  =  wRTs 

where  P3  denotes  the  pressure  in  pounds  per  square  foot.  Hence, 
to  reduce  pressures  expressed  in  pounds  per  square  inch  to  pressures 
per  square  foot,  a  factor  144  must  be  used  as  a  multiplier. 


Example.  Assuming  the  conditions  of  the  previous  problem,  and  sup¬ 
posing  the  temperature  of  the  air  to  be  60°  F.,  what  is  the  temperature  of  the 
charge  at  the  end  of  the  compression? 

Solution. 

P2V2  =  wRT2 

„..D  P2V2  14.7X144XF2 
wR  =  ~Ti - 60+461 

Also 


Rearranging  terms  and  substituting  for  wR  its  value  from  the  preceding  equa¬ 
tion,  we  have 


T  _rV*  v  60+461 
3  3  F2X14. 7X144 


but 


F=_l 

V2  4 


Therefore,  substituting  the  values  of  P3  and  -=7-,  we  have 

V  2 


1  ^91 

r3  =  103 . 8  X 144  x  -1-  X  .T-t*  =919.6°  absolute 

4  14.7X144 

and 


4  =  458.6°  F. 


Temperature  Rise  During  Explosio?i.  The  rise  in  temperature 
during  explosion  depends  on  how  much  heat  is  generated,  which,  in 
turn,  depends  on  the  strength  of  the  explosive  mixture  and  the  heat 
of  combustion  of  a  cubic  foot  of  the  fuel.  Let  H  be  the  heat  of 
combustion  of  a  cubic  foot  of  the  fuel  in  B.t.u.,  and  let  the  mixture 
consist  of  1  part  of  gas  to  L  parts  of  air.  The  total  volume  of  the 
charge  taken  into  the  cylinder  each  admission  is 

F2-F1CU.  ft. 
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the  volume  of  fuel  in  this  charge 


1 

L+ 1 


(Vt-VO 


and  the  heat  of  combustion  Q  of  this  fuel  is 

TTTBtu- 

This  heat  is  utilized  in  raising  the  temperature  of  the  gas  from  the 
known  temperature  Tz  to  another  temperature  TV  The  rise  in 
temperature  can  be  found  when  the  heat  necessary  to  raise  one 
pound  of  air  one  degree  in  temperature  is  known.  This  amount  of 
heat  is  called  the  specific  heat.  It  is  represented  by  the  symbol  Cv 
(the  suffix  indicating  that  the  volume  is  unchanged  while  the  tem¬ 
perature  rises),  and  is  equal  to  .169  B.t.u.  for  air.  With  a  weight 
of  w  pounds,  the  heat  necessary  to  raise  the  gas  one  degree  in  tem¬ 
perature  is 

wCv  B.t.u. 


To  raise  the  temperature  TA—  Tz  degrees,  the  heat  supply  is 
wCv(Ti—  Tz)  B.t.u. 

and  the  heat  of  combustion  is  used  entirely  in  raising  the  gas  from 

Tz  to  TV 

Therefore 

H^^i=wCv(Ti-  T,) 

Substituting  for  w  its  value  from  the  general  equation 

H~l+T  c^Ti~ 


Rearranging  terms  and  solving  for  TA—  Tz,  we  have 


Ta—  Ts—  H  1  ^ 

li  U~L+  1X  ft  XftX 


ft- ft 
ft 


Example.  In  the  previous  problem,  if  the  charge  taken  in  consists  of  1 
part  of  gas  to  7  parts  of  air,  and  the  heat  of  combustion  of  the  gas  is  640  B.t.u. 
per  cubic  foot,  find  the  temperature  at  the  end  of  explosion. 

Solution. 

R  =  53.2;  7^  =  521;  #  =  640;  P2  =  14.7;  C®=  .169;  L+l=7  +  l=  8;  and  T3  =  919.6 
Vi  —  Vi  =  Vi  —  V3;  because  volume  V\  =  Vz  according  to  Fig.  5. 

Vs  l  A  .  Vx  1  T.  1  Tr 

ft  =T  and '  ‘  ft  =T  or  Vl=~4Vi 

ft-ft_  ft-ift  Jft  3 
ft  ft  ft  ~  4 
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Substituting  the  proper  values  in  the  equation,  we  have 


T  -T  _640  53.2X521W  1  w3 
4  3  8  X14. 7X144. 169X  4 


7Y=4649  +  T3 
=  5568.6°  absolute 
£4  =  5107 .6°  F. 


If  a  perfect  gas  is  raised  in  temperature,  while  its  volume  is  un¬ 
changed,  the  absolute  pressure  will  increase  in  exact  proportion  to 
the  rise  of  absolute  temperature;  or 


P4:P3:  :T,:T3 


Example.  What  is  the  pressure  at  the  end  of  explosion  in  the  preceding 
problem? 

Solution. 


5568.6 

919.6 


X103.8  lb.  per  sq.  in.,  absolute 


=  628.6  lb.  per  sq.  in.,  absolute 


Pressure  and  Temperature  at  End  of  Expansion.  The  pressure 
and  temperature  at  the  end  of  the  adiabatic  expansion  can  be  found 
most  simply,  after  the  other  pressures  and  temperatures  are  known, 
by  making  use  of  a  relation  which  exists  between  the  pressures  and 
temperatures  at  the  points  2,  8,  4,  5  *  These  relations  are 


T2=Ts 
T,  T, 

Example.  What  are  (a)  the  pressures,  and  ( b )  the  temperatures,  at  the 


12  *  5  1 

F.-R,nd 


md  of  the  adiabatic  expansion  in  the  preceding  problem? 
Solution. 


(а)  P5  =  ^-  X P4  =  X 628 . 6  =  89  lb.  per  sq.  in.,  absolute 

(б)  ^  =  f^XP4  =  gjf^X5568. 6  =  3155°  absolute  =  2694°  F. 


Work  Done  by  Heat  Engine.  The  work  done  by  any  heat 
engine  is  equal  to  the  difference  between  the  heat  which  goes  to  the 
engine  and  that  which  is  rejected  by  the  engine,  because  whatever 
heat  disappears  cannot  have  been  destroyed  and  must  have  been 

♦The  ratio  of  the  pressures  can  be  obtained  from  the  curve,  Fig.  6,  since  the  ratio  of 

Vk.  V5  V2  ,  P3  P4 

the  volumes  -~r  is  known.  But  V5  =  V%\  therefore  and  p2  ~  p5' 
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converted  into  work.  In  the  Otto  cycle  the  heat  taken  in  has  beei 
seen  to  be 

Q  =  wCv(Tt—  Tf)  B.t.u. 

Heat  is  rejected  from  the  engine  only  during  the  process  repre 
sented  by  the  line  5-2,  because,  when  the  charge  gets  back  to  th< 
condition  2 ,  it  has  returned  to  its  original  volume  and  pressure,  anc 
consequently  to  its  original  temperature.  The  heat  rejected  is  then 

QR=wCv(Tb -  T2)  B.t.u. 

And  consequently,  the  work  done  per  cycle  is  found  by  subtracting 
the  rejected  heat  from  the  heat  taken  in  and  substituting  for  the 
B.t.u.  its  equivalent,  778  ft.-lb.  Thus: 

W=(Q-Qr)  B.t.u.  =  778  (Q-Qr)  ft.-lb. 

Efficiency  of  Cycle.  The  efficiency  of  the  cycle— that  is,  the 
fraction  of  the  heat  supplied  that  is  converted  into  work — is 

w_q-qr 

Q  Q 

_  i  _Qr 

Q 

_1  wCv(Tb—  Tf) 
wCv{Ta—  Tz) 

_  i  Tb—  T<l 

r4-  t3 

T  T 

And  since,  as  already  stated  —  =  — ^ - 
I4  T  3 

we  get  by  substitution: 

n-  t2_  r2 

’Ta-T* 

therefore 


Example.  Find  the  efficiency  of  the  cycle  in  the  preceding  problem. 
Solution ..  * 

=i  __k. 

919.6 

=  1  —  .567  =  .433 
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Horsepower  Calculations .  The  work  W  done  per  cycle  can  be 
calculated  from  the  efficiency  without  knowing  the  heat  rejected. 


F-W 

E~q 


or 


W=EXQ  B.t.u. 

=  77 8EXQ  ft.-lb. 

Example.  If  the  cycle  discussed  ih  the  previous  examples  takes  place 
in  a  cylinder  of  12  inches  diameter  and  18  inches  stroke,  what  will  be  the  work 
done  per  cycle?  If  the  engine  makes  250  revolutions  per  minute,  what  will 
be  its  indicated  horsepower. 

Solution. 

T7  =  778#XQ  ft.-lb. 

H 


Q 


L  + 1 


(72-7i)  B.t.u. 


72  —  Vi  is  the  volume  (in  cubic  feet)  through  which  the  piston  moves,  and 
is  the  product  of  the  cross-sectional  area  of  the  cylinder  in  square  feet  by  the 
stroke  in  feet. 


Vr -  Vi  =  -f-  X  g)2  X —  =  1.178  cu.  ft. 

and 

«-Z Ti  <*-*> 

But 

H  =  640;L+1  =  8;  and  72  —  7i  =  1.178 

^  640X1.178  n<  x 

Q  = - - - =  94.24  B.t.u. 

also 

W=EXQ 

and  if 

E  =  .  433,  and  Q  =  94 . 24 

17=  .  433X94. 24  =  40. 81  B.t.u. 

=31,750  ft.-lb. 

Since  this  engine  requires  two  revolutions  to  complete  a  cycle,  the  number 
of  cycles  per  minute  is  only  half  the  number  of  revolutions  per  minute,  therefore 
Work  per  minute  =  W  X 125  ft.-lb. 

and 


Horsepower  = 


31,750X125 

33,000 


120.3  i.h.p. 


EXAMPLES  FOR  PRACTICE 

A  gas  engine  using  the  Otto  cycle  has  25  per  cent  clearance,  and 
takes  in  its  charge  at  14.7  pounds  per  square  inch  and  at  60°  F. 

1.  What  is  the  pressure  at  the  end  of  the  compression? 

Ans.  141.1  lb.  per  sq.  in.,  absolute 
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2.  What  is  the  temperature  at  the  end  of  compression? 

Ans.  539°  F. 

3.  If  the  charge  consists  of  1  part  of  gas  to  9  parts  of  air,  and  the 

heat  of  combustion  of  the  gas  is  600  B.t.u.  per  cubic  foot,  what  is 
the  temperature  at  the  end  of  explosion?  Ans.  4,258°  F. 

4.  What  is  the  pressure  at  the  end  of  explosion? 

Ans.  665.9  lb.  per  sq.  in.,  absolute 

5.  What  are  the  pressure  and  temperature  at  the  end  of  the  expan¬ 
sion?  Ans.  69.4  lb.  per  sq.  in.,  absolute.  1,997°  F. 

6.  What  is  the  efficiency  of  the  cycle?  Ans.  .479 

7.  If  the  cylinder  diameter  is  18  inches,  the  stroke  24  inches,  and 
the  engine  makes  150  revolutions  per  minute,  what  is  the  i.h.p.? 

Ans.  180  i.h.p. 

Changes  in  Calculations  for  Polytropic  Reactions.  While  in  the 

ideal  engine  the  compression  and  expansion  are  adiabatic  (with  the 
exponent  n  equal  1.405),  in  the  real  engine  the  exponent  n  may  vary 
between  1.30  and  1.35.  Recalculating  the  examples  on  pages  12 
to  17,  using  n  equals  1.30  in  place  of  n  equals  1.405,  gives  the 
following  results: 

If  the  working  substance  expands  with  the  exponent  n  equals 
1.30  to  five  times  its  original  volume,  the  pressure  is  shown  by 


Fig.  6  to  fall  to  — -  of  its  original  value;  and  conversely  if  the 
8.12 


working  substance  is  compressed. 


Example.  Same  problem  as  in  the  middle  of  page  12.  What  is  the 
pressure  at  the  end  of  the  compression  when  n  =  1 . 30? 

Solution,  ~=4.  From  the  curves,  Fig.  6,  if  the  ratio  of  compression  is  4, 

the  corresponding  ratio  of  pressure  is  6.08.  Therefore,  the  pressure  at  the  end 
of  compression  is 

P3  =  6.08X14.7  or  89.4  lb.  per  sq.  in.,  absolute 

Example.  Same  as  page  13,  except  that,  instead  of  adiabatic  compres¬ 
sion,  n  =  1 . 30. 

Solution. 

T3 = 89 . 4  X 144  X  |  X  +'^144  =  792 -  0°  absolute 
lj=331 .0°  F. 

Example.  Same  as  bottom  of  page  14. 

Solution. 

T*  =  4649 +792 . 0  =  5441 . 0°  absolute 
<4  =  4980.0°  F. 
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Example.  Same  as  in  middle  of  page  15. 

Solution. 

P  (T*Y  P  -5441X89.4 

*  - 792 - =  614.1  lb.  per  sq.  in.,  absolute 

Example.  Same  as  bottom  of  page  15; 


Solution. 

(a) 

(b) 

r-(S)Xr‘ 

=  521^441  =3579°  absolute  = 

Example. 

Same  as  bottom  of  page  16. 

Solution. 

Example. 

Solution. 

Same  as  in  middle  of  page  17. 

(a) 

TT  =  94. 24X778X0. 342 

L  (25,075X125)  „r  „  . , 

h  p' - 33.000  =  95-°  i  h.p. 


From  a  comparison  of  these  results  with  those  where  the  expan¬ 
sion  and  compression  are  assumed  to  be  adiabatic,  an  idea  of  the 
effect  of  a  variation  from  ideal  conditions  can  be  gained. 


EXAMPLES  FOR  PRACTICE 


Recompute  the  examples,  1  to  7,  on  pages  17  and  18  on  the 
assumption  that,  instead  of  adiabatic  compression  and  expansion,  the 
compression  and  expansion  are  polytropic,  with  an  exponent  of 
(a)  n  equals  1.35,  and  ( b )  n  equals  1.30. 


Ans. : 

1.  (a)  129.1  lb.  per  sq.  in.,  absolute 
( b )  119.7  lb.  per  sq.  in.,  absolute 

2.  (a)  454°  F. 

(b)  383.1°  F. 

3.  (a)  4,173°  F. 

( b )  4,102°  F. 

4.  (a)  653.9  lb.  per  sq.  in.,  absolute 
(6)  644.1  lb.  per  sq.  in.,  absolute 


5.  (a)  74.5  lb.  per  sq.  in.,  absolute 

2178°  F. 

(6)  79.5  lb.  per  sq.  in.,  absolute 
2355°  F. 

6.  ( a )  0.431 
(6)  0.383 

7.  (a)  161.6  i.h.p. 

(b)  143.6  i.h.p. 
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Otto  Cycle  with  Increased  Expansion.  The  pressure  at  the  end 

of  expansion  is  seen  in  the  example  on  page  15  to  be  89  pounds 
per  square  inch,  absolute.  In  ordinary  practice  it  is  commonly 
found  to  be  from  50  to  60  pounds,  absolute.  It  is  evident  that  if 
the  gas  were  permitted  to  expand  further,  it  would  do  more  work, 
and,  consequently,  would  increase  the  efficiency  of  the  cycle.  The 
indicator  card,  Fig.  7,  shows  one  method  used  for  obtaining  more 
expansion.  The  charge  enters  at  atmospheric  pressure  from  1  to  2, 
when  the  admission  is  cut  off.  The  piston  continues  moving  for¬ 
ward  to  the  end  of  its  stroke,  but  as  no  more  admission  takes  place 
the  charge  expands  adiabatically  to  3 ,  while  its  pressure  falls.  On 

the  return  stroke  the  charge  is 
compressed  adiabatically,  retracing 
the  expansion  path  along  3-2 ,  and 
continuing  till  the  whole  charge 
is  compressed  into  the  clearance 
space  at  4-  The  rest  of  the  cycle  is 
unchanged.  Diagram  1-2 -4-3 -8 -2  I 
represents  the  ordinary  Otto  cycle, 
and  the  shaded  area  8-6-7-2  rep¬ 
resents  the  increase  in  work  due 
to  the  increased  expansion. 

Efficiency  Dependent  upon  Clearance.  An  examination  of  the 
equation  for  the  efficiency  of  the  Otto  cycle 

E  =  1-f 

l  3 


SOO- 


WO 


WO 


SO 


Fig.  7.  Method  of  Increasing  Expansion 


brings  out  certain  important  results.  The  efficiency  is  seen  to 
depend  only  on  the  ratio  of  the  temperatures  at  the  beginning  and 
end  of  compression,  and  not  at  all  upon  the  temperature  and  pressure 
at  the  end  of  explosion.  Since  the  ratio  of  the  temperatures  at  the 
beginning  and  end  of  compression  depends  only  upon  the  ratio  of 
compression,  and  since,  further,  the  charge  is  always  compressed 
until  it  occupies  the  clearance  volume,  the  efficiency  is  seen  to  depend 
only  upon  the  percentage  clearance.  In  other  words,  in  engines 
with  the  same  percentage  clearance,  using  the  Otto  cycle,  the  per¬ 
centage  of  the  heat  liberated  in  the  cylinder  which  is  converted  into 
work  is  always  the  same,  whatever  be  the  size  of  the  engine  or  the 
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TABLE  I 

Effects  of  Clearance 


Percentage 
Clearance  of  Otto 
Cycle  Engine 

Pressure  at  End 
of  Compression 
Lbs.  per  Sq.  In. 

Efficiency  of  Otto 
Cycle 

Efficiency  of  Cycle 
with  Increased  Ex¬ 
pansion,  BUT  WITH 
Same  Compression 
Pressure  as  Otto 
Cycle 

20 

183.3 

51.6 

60.9 

25 

141.1 

47.9 

58.4 

30 

115.4 

44.8 

55.0 

35 

98.0 

42.1 

52.5 

40 

85.5 

39.8 

50.4 

strength  of  the  charge.  The  effect  of  the  clearance  on  the  efficiency 
is  exhibited  in  Table  I,  where  it  is  seen  that  the  smaller  the  clearance 
the  greater  is  the  efficiency  of  the  engine.  The  pressures  at  the  end 
of  compression  are  also  given  in  the  table,  and  are  calculated  on  the 
assumption  that  the  atmospheric  pressure  is  14.7  pounds  per  square 
inch,  absolute.  The  efficiency  of  this  cycle,  with  increased  expan¬ 
sion,  can  be  easily  calculated,  and  the  results  of  such  calculations 
are  given  in  Table  I.  They  are  made  on  the  assumption  that  the 
charge  is  admitted  for  only  one-half  the  stroke,  and  that  the  heat 
of  combustion  is  80  B.t.u.  per  cubic  foot  of  the  charge.  An  inspec¬ 
tion  of  Table  I  shows  the  increase  in  efficiency  which  results  from 
the  increased  expansion  for  engines  which  have  the  same  pressures 
at  the  end  of  compression,  and  indicates  that,  to  be  of  high  efficiency, 
a  gas  engine  of  this  type  should  first  compress  the  charge  to  a  high 
pressure,  and  then  expand  the  products  of  combustion  to  a  volume 
considerably  in  excess  of  the  original  volume  of  the  charge. 

Ideal  and  Real  Otto  Cycles.  The  calculations  in  the  preceding 
pages  are  made  on  the  assumption  that  the  gas  engine  follows  the 
Otto  cycle  exactly,  in  which  case  the  engine  is  called  an  ideal  engine. 
The  real  engine  does  not  exactly  follow  the  Otto  cycle,  because  of 
certain  practical  difficulties.  The  actual  indicated  work  is  always 
less  than  the  theoretical  in  consequence  of  incomplete  combustion, 
losses  due  to  cooling  and  radiation,  etc. 

Departures  from  Ideal  Conditions  at  Each  Stroke.  Differences 
between  the  real  and  the  ideal  engine  occur  in  each  part  of  the  cycle. 
During  admission,  Fig.  8,  line  1-2 y  the  pressure  in  the  cylinder  is 
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TABLE  II 

Table  of  the  Values  of  the  Compression  Pressures  (pc)— Compression 
Temperatures  (Tc°  F.  Absolute)—  and  the  Theoretical  Effi= 
ciency  (E)— for  Different  Values  of  the  Percentage 
Clearance  (c)— and  Polytropic  Exponent 
(n)  of  the  Compression  Line 

(The  pressure  during  the  suction  stroke  (pfi)  is  taken  as  12.5  lb.  per  sq.  in.  absolute,* 
and  the  temperature  of  the  mixture  at  the  end  of  the  suction  stroke  is  taken  as  Ts  =700°  F.  ab¬ 
solute  ( t  g  equals  240°  F .) . 


Percentage 
Clearance 
c  = 

n  = 
1.30 

ll  II  'll 

i  ' 

n  — 
1.35 

II  II  II 

£  II 

II  II  II 

40 


63.7 

0.313 

1019 


67.8 

0.355 

1085 


73.1 

0.402 

1170 


33.3 


75.8 

0.340 

1061 


81.2 

0.384 

1137 


88.3 

0.434 

1236 


28.6 


88.3 

0.363 

1099 


95.2 

0.409 

1185 


104.2 

0.460 

1297 


25 


101.3 

0.383 

1134 


109.8 

0.431 

1230 


120.9 

0.483 

1354 


20 


128.4 

0.416 

1198 


140.4 

0.466 

1311 


156.4 

0.520 

1459 


16.6 


156.9 

0.442 

1255 


172.9 

0.494 

1383 


194.3 

0.550 

1554 


14.3 


186.6 

0.464 

1306 


207.1 

0.517 

1449 


234.6 

0.574 

1642 


12.5 


217.5 

0.483 

1353 


242.7 

0.537 

1510 


276.9 

0.594 

1723 


n.i 


249.4 

0.499 

1397 


279.8 

0.553 

1567 


321.3 

0.611 

1799 


♦If,  in  any  actual  case,  the  real  suction  pressure  should  be  some  other  value 
than  ps  =  12.5  lb.  per  sq.  in.,  as  p's,  the  values  of  pc  in  the  above  table  can  be 

p's 

corrected  in  the  ratio 

actually  a  pound  or  more  below  the  atmospheric  pressure,  that 
difference  being  necessary  to  open  the  air-admission  valve  (when 
automatic)  and  to  cause  the  air  to  flow  in  with  sufficient  velocity.  The 

charge,  moreover,  is  heated  by 
contact  with  the  cylinder  walls 
and  with  the  hot  gases  remain¬ 
ing  in  the  clearance.  The  com¬ 
pression  is  usually  polytropic, 
not  adiabatic,  because  it  occurs 
in  a  cast-iron  cylinder,  which 
takes  heat  from  the  gas  while  it 
is  being  compressed,  and  so 
makes  the  final  temperature  and  pressure  less  than  that  calcu¬ 
lated  on  the  assumption  of  adiabatic  expansion. 
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Fig.  9.  Indicator  Card  of  Gasoline  Engine 


Table  II  shows  the  effect  of  the  clearance  on  the  efficiency  for 
various  values  of  the  poly  tropic  exponent  (ri)  of  the  compression 

line. 

Effect  of  Tardy  Explosions.  The  explosion  in  the  real  engine  is 
neither  instantaneous  nor*complete.  It  approximates  more  closely 
to  the  ideal  explosion  when  the  compression  is  considerable,  and 
when  the  explosive  mixture  has 
only  a  small  excess  of  air  present. 

Gasoline  engines  show  a  more  rapid 
explosion  than  gas  engines,  and 
have  indicator  cards,  as  in  Fig.  9. 

The  clearances  are  generally  larger, 
so  as  to  avoid  excessive  pressures. 

With  weaker  mixtures,  the  explo¬ 
sion  becomes  slower  and  less  com¬ 
plete,  as  shown  in  Fig.  10,  until, 
with  the  weakest  explosive  mixture, 
the  process  is  really  one  of  slow  combustion  taking  place  throughout 
the  whole  of  the  expansion  period,  and  some  of  the  charge  may  be  still 
unburned  when  exhaust  takes  place.  The  fact  that  the  clearance  vol¬ 
ume  is  full  of  products  of  combustion  from  the  previous  explosion, 
when  the  charge  is  drawn  in,  has  a  delaying  effect  upon  the  explosion, 
since  the  explosive  mixture  is  diluted  by  the  inert  gases  left  in  the 
clearance.  Even  under  the  best  conditions,  the  rise  of  temperature, 
and  consequently  of  pressure,  during  the  explosion,  is  only  about  .6 
of  that  occurring  in  the  ideal  engine.  This,  it  will  be  seen,  makes 
the  power  of  the  real  engine  considerably  less  than  that  of  the  ideal. 
The  water  jacket  around  the  cylinder,  without  which  the  cylinder 
would  be  too  hot  to  be  properly  lubricated,  is  one  of  the  important 
causes  of  the  difference  between  the  real  and  ideal  cycles,  as  the 
jacket  usually  absorbs  about  40 
per  cent  of  the  total  heat  of  the 
combustion. 

Influence  of  Change  of  Specific 
Heats  of  Gases.  In  the  ideal  Fig  10  Indicator  Card  with  Weak  Mixture 
cycle  the  assumption  is  made  that 

the  specific  heats  of  the  working  substance  remain  constant  through¬ 
out  the  temperature  range  existing  in  the  cycle.  This  is  erroneous, 
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TABLE  III 

Effect  of  Variable  Specific  Heats  on  the  Theoretical  Thermal 
Efficiency 


Volumetric  Compression 
Ratio 

Theoretical  Thermal  Efficiency 

Specific  Heats,  Constant 

Specific  Heats,  Variable 

3 

35.5 

28.25 

.4 

42.75 

34.90 

5 

47.75 

39.50 

6 

51.5 

43.0 

7 

54.25 

45.5 

as  the  specific  heats  vary  materially  with  change  of  temperature. 
This  is  one  of  the  most  important  causes  why  the  pressure  and  tem¬ 
perature  at  the  end  of  explosion  fall  below  those  calculated  for  the 
ideal  cycle.  The  effect  of  this  variability  of  specific  heats  on  the 
theoretical  thermal  efficiency  is  shown  in  Table  III,  which  is  based 
on  an  average  of  the  results  of  Clerk  and  Wimperis. 

The  expansion  curve  is  above  the  adiabatic  in  real  engines, 
because  the  cylinder  wTalls,  which  have  been  heated  by  the  explosion, 
give  back  some  heat  to  the  gases,  and  also  because  the  combustion 
still  continues  and  liberates  more  heat.  This  last  effect  is  especially 
marked  when  the  explosive  mixture  is  weak. 

Early  Beginning  of  Exhaust.  Finally,  the  exhaust,  as  in  the 
steam  engine,  begins  a  little  before  the  end  of  the  expansion  stroke, 
so  as  to  give  plenty  of  time  for  the  escape  of  the  gases.  Conse¬ 
quently,  the  card,  at  the  point  5,  Fig.  8,  is  very  much  rounded  off, 
and  the  pressure  in  the  cylinder  during  the  exhaust  stroke  is  neces¬ 
sarily  higher  than  that  of  the  atmosphere  into  which  the  gases  are 
rejected. 

Final  Efficiency.  The  total  effect  of  all  these  differences 
between  the  real  and  the  ideal  engine  is  that  the  work  done  in  an 
actual  engine  in  good  condition  is  only  from  .3  to  .75  of  that  which 
the  ideal  engine  would  do;  or,  in  other  words,  the  efficiency  of  the 
real  engine  is  only  from  .3  to  .75  that  of  the  ideal  engine,  depending 
upon  the  fuel  used. 

Use  of  Reducing  Factor  in  Real  Calculations.  The  actual  values 
of  the  explosion  pressure  and  temperature  can  be  found  by  multiply¬ 
ing  the  absolute  pressure  and  temperature  taken  from  the  ideal,  or 
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hypothetical,  card,  by  a  reduction  factor  which  takes  into  account 
the  decrease  in  temperature  or  pressure  due  to  heat  losses,  cooling, 
etc.  The  value  of  this  factor  is  approximately  that  of  the  card 
factor,  or  ratio  between  the  efficiencies  of  the  real  and  ideal  engine. 


Exam  pie.  What  are  the  probable  actual  explosion  pressure  and  t  emperature 
in  the  engine  of  the  preceding  examples  if  the  real  engine  has  .6  the  efficiency 
of  the  ideal  engine? 

Solution.  The  explosion  pressure  of  the  ideal  engine  was  found  to  be 
P4  =  628.6  lb.  per  sq.  in.,  absolute 

Therefore 


Probable  actual  P4  =  628. 6X0. 6  =  377. 2  lb.  per  sq.  in.,  absolute 
The  explosion  temperature  of  the  ideal  engine  was  found  to  be 
Ti  =  5568 . 6°  absolute 

Therefore 


Probable  actual  P4  =  5568. 6X0. 6  =  3341. 2°  absolute 

or 


Probable  actual  U  =  2880.2°  F. 


Example.  What  are  the  probable  actual  efficiency,  horsepower,  and  gas 
consumption  of  the  engine  whose  ideal  performance  has  been  worked  out  in 
the  preceding  examples?  Assume  the  real  engine  to  have  .6  the  efficiency  of 
the  ideal  engine. 

Solution. 

The  ideal  efficiency  was  found  to  be  .433 
Therefore 

Probable  real  efficiency  =  .  6  X  .  433  =  .  26 
The  ideal  horsepower  was  found  to  be  120.3 
Therefore 

Probable  real  h.p.=  .6Xl20.3  =  72.2,  nearly 
The  gas  consumption  is  expressed  in  cubic  feet  per  i.h.p.  per  hour.  In  the  ideal 
engine  the  volume  of  gas  taken  in  per  cycle  was 


Vt-Vx 

P+1 


1.178 

8 


=  .147  cu.  ft. 


The  number  of  cycles  per  minute  was  125 
Therefore 

Gas  used  per  minute  =  .147X125  =  18.4  cu.  ft. 
Gas  used  per  hour  =  18.4 X  60  =  1104  cu.  ft. 

And  the  probable  real  i.h.p.  is  72.2 
Therefore 

Gas  used  per  i.h.p.  per  hour  =  -^^  =15.29  cu.  ft. 


EXAMPLES  FOR  PRACTICE 

What  are  the  probable  actual  efficiency,  i.h.p.,  and  gas  con¬ 
sumption  of  the  engine  whose  ideal  performance  has  been  worked 
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out  in  the  previous  examples  for  practice;  efficiency  of  real  engine 
.6  of  efficiency  of  ideal. 

f.287  efficiency 
Ans.  \  108  i.h.p. 

(J4.71  cu.  ft.  gas  consumption 

Indicated  Horsepower.  The  indicated  horsepower  of  the 
normal  Otto-cycle  gas  engine  is  determined  from  the  area  of  the 
indicator  card,  just  as  with  the  steam  engine;  but  there  are  some 
special  points  to  which  attention  must  be  paid.  In  the  usual  formula, 

.,  PLAN 
*' 1P'  33,000 

N  is  the  number  of  cycles  per  minute,  not  the  number  of  revolutions. 
The  mean  effective  pressure  P  is  obtained  from  the  indicator  card 
by  going  around  it  with  a  planimeter  in  the  way  in  which  it  was 
traced — that  is,  in  the  order  1-2-3-4-5-1 ,  Fig.  8.  The  indicator 
card  consists  really  of  two  areas  or  loops,  of  which  3-^-5  represents 
positive  work,  and  1-2  negative  work.  The  total  work  done  on  the 
piston  is  represented  by  the  difference  between  these  two  areas. 
The  small  area  1-2  represents  the  work  done  in  overcoming  the 
friction  resistance  of  the  gas  when  being  admitted  to  and  expelled 
from  the  cylinder.  It  is  work  which  has  to  be  done  by  the  engine, 
is  a  definite  loss  of  power,  and  should  be  made  as  small  as  possible. 
The  area  3~4~5  is  the  work  which  is  actually  done  on  the  piston,  less 
the  work  required  to  compress  the  gas;  it  is  the  true  work  of  the  cycle, 
all  of  which  would  be  available  for  driving  the  engine  were  it  not  for 
the  gas-friction  resistances  represented  by  the  area  1  -2.  If  a  planim¬ 
eter  is  made  to  trace  the  diagram  in  the  order  in  which  it  was 
drawn,  it  will  go  around  the  areas  1-2  and  S-Jp-5  in  opposite  direc¬ 
tions;  that  is,  if  it  goes  around  the  one  clockwise,  it  will  go  around  the 
other  contra-clockwise.  The  consequence  will  be  that  the  readings 
of  the  planimeter  will  give  the  desired  difference  between  the  two 
areas  3-^-5  and  1-2..  The  mean  effective  pressure  is  then  obtained 
from  this  area  in  the  usual  manner. 

DIESEL  CYCLE 

Characteristics  of  the  Cycle.  The  first  cycle  proposed  by  Diesel 
consisted  of  isothermal  or  constant  temperature  compression,  fol- 
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lowed  by  a  further  adiabatic  compression,  isothermal  combustion, 
and  adiabatic  expansion  to  atmospheric  pressure.  Practical  diffi¬ 
culties,  however,  led  to  modifications  of  this  proposed  cycle  until  the 
actual  cycle  of  today  has  little  in  common  with  it.  The  first  modi¬ 
fication  of  the  proposed  cycle  was  to  carry  on  the  compression  adia- 
batically,  as  in  any  gas  engine.  It  was  attempted  to  carry  on  the 
combustion  isothermally,  but  in  order  to  approximate  this  the  com¬ 
bustion  must  be  externally  regulated,  so  that  just  enough  heat  will 
be  generated  at  each  instant  to  keep  the  temperature  constant  as 
long  as  fuel  is  being  injected.  In  the  Diesel  engine,  as  at  present 
constructed,  no  such  control  is  attempted.  Indicator  cards  from 
recent  Diesel  engines  show  that 
the  combustion  takes  place  nearly 
at  constant  pressure. 

Ideal  Cycle.  The  processes 
taking  place  in  the  cylinder  are 
represented  on  the  pressure-vol¬ 
ume  diagram,  or  ideal  indicator 
card,  Fig.  11.  Exhaust,  suction, 
and  compression  in  this  cycle  are 
precisely  the  same  as  in  the  Otto 
cycle  and  are  represented  on  the 
pressure-volume  diagram  in  the 
same  way.  Up  to  this  point, 
the  only  differences  between  the 
Diesel  and  the  Otto  cycles  are :  first,  in  the  Otto  cycle  it  is  assumed 
for  convenience  that  pure  air  alone  is  admitted  and  compressed, 
and  in  the  Diesel  cycle  this  is  actually  the  case;  second,  the  compres¬ 
sion  in  the  Diesel  cycle  is  carried  much  higher  than  in  the  Otto. 

When  the  charge  of  pure  air  has  been  compressed  until  it  occu¬ 
pies  the  clearance  volume,  represented  by  point  3,  oil  is  injected,  in 
the  form  of  a  fine  spray,  into  the  hot  compressed  air  which  vaporizes 
and  completely  burns  the  oil  as  it  enters.  At  this  point  the  piston 
starts  on  its  outstroke,  and,  theoretically,  oil  is  injected  and  burned 
at  just  the  rate  to  counteract  the  fall  in  pressure  which  would  natu¬ 
rally  accompany  this  increase  in  volume  and  maintain  the  pressure 
constant  along  the  line  3-4  (heat  is  added  at  constant  pressure).  At 
the  point  4  the  fuel'  injection  is  cut  off  and  the  hot  products  of  com- 
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bustion  at  the  pressure  P4  force  the  piston  out,  and,  expanding 
adiabatically  behind  it,  fall  in  pressure  and  temperature.  As  in 
the  Otto  cycle,  the  expansion  curve  J+-5  is  similar  to  the  compression 
-3,  and  has  the  same  equation. 

From  this  point  on,  the  events  are 
the  same  as  in  the  Otto  cycle.  In  the 
Otto  cycle,  heat  is  received  and  rejected 
at  constant  volume;  while  in  the  Diesel 
cycle,  heat. is  received  at  constant  pres¬ 
sure  and  rejected  at  constant  volume. 

Pressures  and  Temperatures  During 
the  Cycle.  Pressure  and  Temperature 
after  Compression.  The  pressure  and 
temperature  at  the  point  3  can  be  found, 
as  in  the  case  of  the  Otto  cycle  from  the 
curves,  Fig.  12.  The  curves  of  Fig.  12 
are  exactly  similar  to  those  of  Fig.  6,  in 
fact,  they  are  the  curves  of  Fig.  6  extended 
to  include  the  ratio  of  volumes  obtaining 
in  the  Diesel  cycle,  while  the  ratios  of 
Fig.  6  cover  the  case  of  the  Otto  cycle. 

Since  Diesel  motors,  as  constructed, 
are  oil  engines,  the  increase  of  volume  due 
to  the  injection  of  fuel,  i.  e.,  the  increase 
of  charge  weight,  may  be  neglected  with¬ 
out  serious  error  since  the  volume  occu¬ 
pied  by  the  fuel  vapor  in  explosive  mix¬ 
tures  of  air  and  liquid-fuel  vapors  is 
negligible.  (For  benzine  vapor  the  ratio 
is  45  to  1,  and  even  in  the  case  of  crude 
alcohol  the  volume  of  the  alcohol  vapor 
occupies  only  between  2  and  3  per  cent 
of  the  volume  of  the  mixture.)  If  a  gas,  especially  a  lean  gas,  were 
under  consideration,  this  assumption  would  not  be  permissible.  The 
volume  of  mixture  of  air  and  fuel  vapor  per  pound  of  fuel  may 
therefore  be  taken,  for  maximum  load  conditions,  as  the  •  volume 
of  air  ( L )  actually  necessary  per  pound  of  fuel  to  give  best  com¬ 
bustion  results. 


/6  /8 


Fig.  12.  Polytropic  Expansion 
or  Compression  Curves  of 
Fig.  6  Extended  to  Include 
Ratios  Used  in  Diesel  Cycle 


38 


GAS  AND  OIL  ENGINES 


29 


Rise  in  Temperature  During  Combustion.  The  rise  in  tempera¬ 
ture  during  combustion  depends  on  how  much  heat  is  generated, 
which,  in  turn,  depends  on  the  amount  of  fuel  injected  and  the  heat 
of  combustion  of  a  pound  of  the  fuel.  The  amount  of  the  fuel 
injected  for  maximum  load  depends  on  the  total  volume  of  pure  air 
taken  into  the  cylinder  at  each  suction  stroke,  since  no  more  fuel 
should  be  injected  than  can  be  burned  with  the  best  results;  therefore 


Weight  of  fuel  per  cycle  = 


V2-V1 

L 


, pounds 


and  the  heat  of  combustion  of  this  fuel  is 


q_H(V2—Vi) 


B.t.u. 


where  H  is  the  heat  of  combustion  of  a  pound  of  the  fuel  in  B.t.u. 
This  heat  is  utilized  in  raising  the  temperature  of  the  air  from  the 
known  temperature  Ts  to  an  unknown  temperature  TV  The  rise  in 
temperature  can  be  found  if  the  heat  necessary  to  raise  one  pound 
of  air  one  degree  in  temperature  while  the  pressure  remains  con¬ 
stant  is  known.  This  amount  of  heat  is  called  the  specific  heat  at 
constant  pressure ,  and  is  denoted  by  the  symbol  Cp.  Cv  for  air  equals 
0.237  B.t.u.  With  a  weight  of  w  pounds  of  air  per  charge,  the  heat 
necessary  to  raise  the  temperature  of  the  charge  from  T$  to  T\  is 
wCp(Ti—  T3)  B.t.u. 

and  the  heat  of  combustion  is  used  entirely  in  raising  the  tempera¬ 
ture  of  the  charge  from  T3  to  T4;  hence 


H(Vt-Vi) 

L 


■  wC. 


P(  Tt-Tt) 

P2V1 

RTZ 


(Mi\ 

\  RT%) 


CP(T,-T3) 


r-Mmm 


(V1-V1) 


Example.  A  Diesel  engine  with  7.14  per  cent  clearance,  taking  in  its 
charge  of  air  at  atmospheric  pressure  and  temperature  (14 . 7  pounds  per  square 
inch  and  60°  F.),  is  supplied  with  crude  oil  with  a  heat  value  of  18,000  B.t.u. 
per  pound  and  requiring  300  cubic  feet  of  atmospheric  air  per  pound  of  fuel 
to  give  best  combustion  at  maximum  load.  What  are  (1)  the  pressure  and  (2) 
the  temperature  at  the  end  of  compression,  and  (3)  the  temperature  at  the  end 
of  combustion  when 

(а)  the  compression  is  adiabatic,  n  =  1 . 405 

(б)  the  compression  is  poly  tropic,  n  =  1.35 
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Solution.  (1)  The  clearance  volume  F3  is  7.14  per  cent  of  the  volume 
V2  —  V3,  through  which  the  piston  moves;  or 


hence 

and 


F3  =  (F2-F3) 


7.14 

100 


100F3  =  7.14F2-7.14F3 
107.14F3  =  7.14F2 


F2  107.14 
F3  7.14 


15.0 


From  the  curves,  Fig.  12,  if  the  ratio  of  compression  is  15: 

(a)  The  corresponding  ratio  of  pressures  is  45.53,  and  the  pressure  at  the  end 
of  the  compression 

P3=45. 53  X  14.7  =  669.3  lb.  per  sq.  in.,  absolute 


(2) 


(b)  The  ratio  of  pressures  is  38.70,  and 

P3  =  38. 70X14. 7  =  568. 9  lb.  per  sq.  in.,  absolute 

(«)  Ts  =  669.3X144(j|-)  (14.7x144)  =  1581°  absolute 
<3  =  1120°  F. 

/1A  m  568.9X144X1X521  10„,0  u  ,  x 

( b )  T3  =  — ,—rrr ^ —  =  1344  absolute 


(3) 


(15X14.7X144) 
<3  =  883°  F. 


(F2  —  Fi) 


(F2-Fx) 

f2 


f2 


_/18,000\  (  53.2X521  \  (  1  \  /14\ 
4  3  \  300  y  \  14.7X144  /  \0. 237/ V15/ 

hence 

P4  =  3094 + T20  absolute 
<4  =  3094+ <3°  F. 

(a)  <4  =  3094  +  1120  =  4214°  F. 

( b )  =3094+883  =  3977°  F. 


Volumes  at  End  of  Combustion.  If  a  perfect  gas  is  raised  in 
temperature  while  its  pressure  is  unchanged,  the  volume  will  increase 
in  exact  proportion  to  the  rise  of  absolute  temperature;  or 


hence 


V4  :  V3  ::T4:  T3 
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Example.  What  are  the  volumes  at  the  end  of  combustion  in  the  preceding 
problem,  expressed  as  ratios  of  the  clearance  volume? 

Solution.  V4  ( 4214 +461  \  „„„ 

(0)  n  =  V-158l-)=2'957 

U  <*’ 

These  results  are  checked  by  simple  reasoning,  since  it  is  self- 
evident  that  in  order  to  add  the  same  amount  of  heat  at  constant 
pressure,  the  lower  the  initial  temperature  the  greater  must  be  the 
volume  change. 

In  the  Otto  cycle  the  ratio  of  compression  —  and  the  ratio  of 

V  3 

F5 

expansion  —  are  the  same,  but  in  the  Diesel  cycle  this  is  not  the  case. 
V  4 

In  the  Diesel  cycle  F5  equals  F2  and  F4  equals  dV3,  where  d  is  the 
ratio  between  the  cut-off  volume  F4  and  the  clearance  volume 

F4 


Vs,  or 


Vs 


Influence  of  Early  Cut-Off.  The  case  just  described,  in  which 
as  much  fuel  is  injected  as  is  possible  in  order  to  get  the  best  possible 
combustion  results  with  the  volume  of  air  present,  corresponds  to 
the  maximum  possible  load  of  the  engine.  Since  an  engine  must 
be  capable  of  carrying  an  overload,  the  normal  rated  load  must  be 
carried  when  less  than  the  maximum  possible  amount  of  fuel  is 
injected.  In  actual  practice  the  cut-off  occurs  at  about  10  per  cent 
of  the  stroke  at  normal  rated  load  and,  with  a  compression  ratio  of 
16,  the  cut-off  ratio  d  is,  at  maximum  possible  load,  about  3.0  and  at 
normal  load  2.5.  To  prove  the  latter  value 


/F4-FA.1 
\Vi-Vj  10 


and  tt  =  16 


(F4-Fa)  = 


(V, 


V , 
Vi) 


m- 


10 

(Vs-Vi)  f2 


but 

hence 


IOF3 

F3=F4 

V4  |  Vt 
V3  10  Vi 


Vi_ 

WVs  10V3 

J_ 

10 


d=r;=fo-ro+1=2-5 
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A  reduction  to  any  extent  in  the  fuel  injected  below  the  maxi¬ 
mum  is  possible  because  of  the  fact  that  the  oil  is  burned  as  it  enters, 
like  gas  in  a  burner,  so  that  it  can  be  properly  accomplished  with 
any  excess  of  air. 

When  the  amount  of  fuel  injected  is  less  than  the  maximum 
possible,  the  temperature  at  the  end  of  combustion  is 

T,  =  dT3 

and  the  amount  of  heat  added  per  cu.  ft.  of  piston  displacement  is 


Q  =  (Ti-Tz) 


(  Pi  xC  h  \ 
\RT *  r(Vi—  Vi)J 


B.t.u. 


Example.  If  the  engine  of  the  previous  problem  cuts  off  at  10  per  cent 
of  the  stroke  at  normal  load,  what  (1)  is  the  temperature  at  the  end  .of  com¬ 
bustion,  and  (2)  the  heat  added  per  cubic  foot  of  piston  displacement? 


Solution. 


d  = 


lOVDy  10 


:^+^=2  4 
10  ^10 


Ti  =  dTz 


(1)  (a) 

(b) 


(2) 


(a) 

(&) 


T4  =  2 . 4  X 1581  =  3794°  absolute.  U  =  3333°  F. 

=  2 . 4  X 1344  =  3226°  absolute.  =  2765°  F. 

n-(r-r  \  /r14-7Xl44X0.237Xl5\ 

Q  (G  Tz)  ^  53.2X521X14  ) 


=  (Ta-T3)X  0.01939 

=  (3794  — 1581) X0. 01939 —  42 .92  B.t.u.  per  cu.  ft.  of  piston  dis¬ 
placement 

=  (3326- 1344)  X0. 01939  =  36. 51  B.t.u.  per  cu.  ft.  of  piston  dis¬ 
placement 


Ratio  of  Expansion.  The  ratio  of  expansion  in  the  Diesel  cycle 
is  the  ratio  of  compression  divided  by  the  ratio  of  cut-off  volume  to 


clearance  volume,  since,  as  the  ratio  of  expansion  equals  and 

V  4 


F5  equals  V2,  and  F4  equals  dV3 
hence 


15  _  /  V2\f  1  \  _  ratio  of  compression 
F4  \Vj\dJ  d~ 


If  this  ratio  of  expansion  is  known,  the  pressure  and  temperature  at 
the  end  of  expansion  can  be  found  in  exactly  the  same  manner  as  in 
the  case  of  the  compression. 
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Example.  In  the  engine  of  the  previous  problems,  what  is  (1)  the  pressure 
and  (2)  the  temperature  at  the  end  of  expansion  if  (I)  the  engine  is  developing 
the  maximum  possible  power  and  (II)  is  operating  at  normal  load? 

Solution. 


(I) 


(a)  (1) 


15 

2.957 


=  5.08 


P4  =  Ps  =  669.3  lb.  per  sq.  in.,  absolute  (see  page  30) 

Referring  to  the  curves  of  Fig.  6,  if  the  working  substance  expands  adiabatically 

to  5.08  times  its  original  volume,  the  pressure  falls  to  of  its  original  value. 


Therefore 

Ps  =  -^y-=69.0  lb.  per  sq.  in.,  absolute 

(P4F4)  _  (P5F5) 

1 ’  T4  t5 


=  (i)  X  5 . 08  X  (4214  +461) 

= 2449°  absolute  k  =  1988°  F. 

®  (1)  ?7=3^2  =  4'54 

Ps  =  =73.4  lb.  per  sq.  in.,  absolute 

(2)  T5  =  X  4 . 54  X  (3977 +461) 

=  2600°  absolute  4  =  2 139°  F. 


(II)  (a)  (1) 


(2) 


( b )  (1) 
(2) 


d  =  2A 

fT=2^=6-2d 

p6  =  ^^'^  =  51 .3  lb.  per  sq.  in.,  absolute 


Ps  = 


13.05 
1 


X6. 25X3794 


Po  = 

T0  = 


13.05 
=  1818°  absolute 
568.9 


4  =  1357°  F. 


-  =  48.0  lb.  per  sq.  in.,  absolute 


11.85 

— +  X6. 25  X  3226 
11 .80 


=  1702°  absolute 


4  =  1241°  F. 


Efficiency.  In  the  Diesel  cycle,  the  heat  added  has  been  seen 

to  be 

Q=wCp(l\-Tz)  B.t.u. 

Heat  is  rejected  from  the  engine  only  during  the  process  repre¬ 
sented  by  the  line  5-2 ,  because  when  the  charge  gets  back  to  the 


43 


34 


GAS  AND  OIL  ENGINES 


condition  2,  it  has  returned  to  its  original  volume  and  pressure,  and 
consequently  to  its  original  temperature.  The  heat  rejected  is  then 


Qr  =  wCv  (Tb—  T2)  B.t.u. 
and  the  work  done  per  cycle  is 

W =Q—Qr B.t.u.  =  778  (Q-Qr)  ft.-lb. 

The  efficiency  of  the  cycle— that  is,  the  fraction  of  the  heat 
supplied  that  is  converted  into  work — is 

W_Q-Qr_  Qr 

Q  Q  '  Q 


wCv(Tb—  T2) 
wCp(T,-Ts) 


which  is  the  reciprocal  of  the  ratio  of  the  specific  heats  ( Cv  is 


the  specific  heat  at  constant  volume  =0.169  for  air),  equals  the 
reciprocal  of  the  exponent  for  adiabatic  expansion  or  compression, 


or 


1 

1.405 


,  and  since,  as  already  stated 


and 


h 

t2 


p2 


(constant  volume) 


since 

hence 

therefore 


therefore 


P4  =  P3  and  V2=  Vs 


P5=  T2dn 


(T,-T2)_(T2dn-T2) 

( P4  Tf)  (dTs-Ts) 

_  T2(dn- 1) 
Ud- 1) 
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From  this  it  is  seen  that  the  efficiency  of  the  Diesel  cycle  de¬ 
pends,  not  only  on  the  compression,  but  also  upon  d,  i.  e.,  the  volume 
at  the  end  of  combustion.  The  smaller  the  value  of  d  (the  earlier 
in  the  stroke  the  fuel  supply  is  cut  off)  the  greater  is  the  thermal 
efficiency,  other  conditions  remaining  the  same.  This  fact  is  borne 
out  in  practice  within  limits,  as  a  large  number  of  tests  of  Diesel 
engines  have  shown  a  greater  thermal  efficiency  at  three-quarters 
than  at  full  load.  That  this  does  not  hold  for  still  lower  loads  is 
due  to  the  influence  of  other  factors. 

This  equation  for  efficiency  holds  only  when  both  the  compres¬ 
sion  and  expansion  lines  have  the  same  exponent.  If  the  exponents 
are  different,  the  efficiency  must  be  found  from  the  quantities  of 
heat  added  and  rejected. 


Example.  If  the  engine  of  the  preceding  problems  has  an  exponent  for 
the  compression  line  of  n  =  1.35,  and  for  the  expansion  line  of  n  =  1.41,  what  is 
the  efficiency  of  the  cycle  at  maximum  load? 


Solution. 


E  =  l- 


Q 


Q=H 


(F2-Li) 


=  18,000  Btu‘  per 

Qr=wC»(rs-T2)=0|-2)  C,(T„-T2) 

Qr  P2C,(T<,-T2)„  V 2 

Q  ~  60 RTi  V.-V, 

From  the  results  of  the  preceding  problems,  when  the  compression  line  had  the 
exponent  n  =  1.35, 

Ti  =  4438°  absolute,  y  pr  =  y  d  =  3.302  (See  p.  31) 

Y±-(Y±\  m=_lL  =  4  54 

V,  \VzJ  \  dj  3.302 

Since  the  expansion  is  adiabatic,  the  pressure  ratio  must  be  found  from  the 

Vh  1 

adiabatic  curve  of  Fig.  6,  and  is,  for  a  volume  ratio  of  y  =4.54,  equal  to  yg 


therefore 

=  ^_L^  (4 . 54)  X4438  =  2428°  absolute 

Qr  14.7X144X0-169  (2428-521)  15  _ 

Q  “  60X53.2X521  A14 

#  =  1-0. 440  =  0. 560 
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Use  of  Efficiency  Factor  Curves.  From  Fig.  13,  the  value  of  the 

dn- 1 


can  be  obtained  for  the  three  usual  values  of  n  and 


1.405  (d- 1) 

any  value  of  d  which  is  to  be  met  with  in  practice.  With  the  aid 
of  these  curves  the  efficiency  for  any  given  case  can  be  determined. 


Fig.  13.  Efficiency  Factor  (F)  for  Diesel  Cycle 


Example.  Find  the  efficiencies  of  the  cycles  in  the  preceding  problem. 


Solution. 


(a) 

(b) 


E  =  1— — X _ ddd - —  i  __d_l 

Ta  1.405  (<2-l)  T3A 

T2  =  60+461=521°  absolute 
7*3  =  1581°  absolute 
=  1344°  absolute 


(I)  Under  maximum  load  conditions 

(а)  <2  =  2. 957  n  =  1.405  F  =  1.319 

(б)  (2  =  3.302  n  =  1.35  F  =  1.243 


) 
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(II)  Under  normal  load  conditions  <2  =  2.4 

(a) 

(b) 

Solution. 


(I) 


(II) 


n  =  1.405 
n  =  1 . 35 

F  —  1.24:1 

F  =  1.154 

(a) 

E=i~Mix1-319 

=  1-0.434  =  0.566 

(b) 

E-i~Mixi-243 

=  1-0.482=0.518 

(a) 

KOI 

E=i~akxi-2ii 

=  1-0.409  =  0.591 

(6)  E=1~§hxlA5i 

=  1-0.447  =  0.553 


Work  Done  per  Cycle.  The  work  done  per  cycle  can  be  calcu¬ 
lated  from  the  efficiency  without  knowing  the  heat  rejected. 

E-W 

e~q 


or 


W=EXQ  B.t.u.  =  778 XEXQ  ft. -lb. 


Example.  If  the  engine  of  the  preceding  problems  has  a  cylinder  of  12 
inches  diameter  and  18  inches  stroke,  what  will  be  the  work  done  per  cycle? 

(I)  Under  maximum  load  conditions 
(II)  Under  normal  load  conditions 


Solution. 


(I) 


i 


(II) 


V,-V,-fx  (§)'  X  §-1.178 -.It. 

=  ^7^X1.178  =  70.68  B.t.u. 

olHJ 

=  778X70.68  =  54,990  ft. -lb. 

(а)  W  =  54,990X0.567  =  31,180ft.-lb. 

(б)  =54,990X0.519  =  28,540  ft.-lb. 

(а)  Q  =  42.92  B.t.u. 

W  =  778 X42 . 92  X0 . 592  =  19,770  ft.-lb. 

(б)  Q  =  36. 51  B.t.u. 

W  =  778X36.51X0.554  =  15,740  ft.-lb. 


Since  this  engine  requires  two  revolutions  to  a  complete  cycle, 
the  number  of  cycles  per  minute  is  only  half  the  number  of  revo¬ 
lutions  per  minute. 
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Example.  If  the  engine  makes  250  r.p.m.,  what  will  be  the  i.h.p.? 
Solution.  Work  per  minute  =  W  X  125 

TT  WX 125  W 

Horsepower  =-3^=^ 


(I) 

(a) 

31,180  11C  ,  .  , 

-  264  =U81l  h  p- 

(b) 

28,540  1AO  , 

-  264  =108  1  l  h'P 

(II) 

(a) 

19,770  „  . , 

-  264.=74'9lhp- 

( b ) 

15,740 

"  264  =59  6'hP' 

EXAMPLES  FOR  PRACTICE 

1.  A  Diesel  engine  has  7.69  per  cent  clearance  and  takes  in  its 
charge  of  air  at  14.7  lb.  per  square  inch  and  at  60°  F.  What  is  (1)  the 
pressure,  and  (2)  the  temperature  at  the  end  of  the  compression  when 

(a)  the  compression  is  adiabatic,  and  n=  1.405 
(i b )  the  compression  is  polytropic,  and  n=  1.30 

(a)  (1)  607.1  lb.  per  sq,  in.,  absolute 

(2)  1076°  F. 

nS‘  ( b )  (1)  454.1  lb.  per  sq.  in.,  absolute 

(2)  689°  F. 

2.  If  this  engine  is  supplied  with  crude  oil,  with  a  heat  value 

of  18,600  B.t.u.  per  pound  and  requiring  300  cubic  feet  of  atmos¬ 
pheric  air  per  pound  of  fuel  to  give  best  combustion  results,  what  is 
the  temperature  under  maximum  load  conditions  at  the  end  of 
combustion?  Ans.  (a)  4157°  F.;  ( b )  3770°  F. 

3.  What  are  (1)  the  pressure  and  (2)  the  temperature  at  the 
end  of  expansion  under  the  conditions  of  the  previous  problem? 

(a)  (1)  59.4  lb.  per  sq.  in.,  absolute 

(2)  1999°  F. 

*  ( b )  (1)  78.3  lb.  per  sq.  in.,  absolute 

(2)  2317°  F. 


4.  If  the  engine  cuts  off  at  IChper  cent  of  the  stroke  at  normal 
load,  what  (1)  is  the  temperature  at  the  end  of  combustion,  and  (2) 
the  heat  added  per  cubic  foot  of  piston  displacement? 

'  (1)  (a)  3074°  F. 

Ans<  (6)  2184°  F. 

(2)  (a)  38.94  B.t.u.  per  cu.  ft. 

,  ( b )  29.14  B.t.u.  per  cu.  ft. 
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5.  Under  the  conditions  of  problem  4,  what  are  (1)  the  pressure 
and  (2)  the  temperature  at  the  end  of  expansion? 

(1)  (a)  48.4  lb.  per  sq.  in.,  absolute 
(6)  43.0  lb.  per  sq.  in.,  absolute 

(2)  '{a)  1254°  F. 

(6)  1065°  F. 

6.  What  is  the  efficiency  of  the  cycle  under  (1)  the  maximum 
load  conditions  and  (2)  normal  load  conditions? 

(1)  (a) 


Ans. 


Ans. 


(2) 


(b) 

(a) 

(b) 


0.551 

0.477 

0.574 

0.520 


7.  If  the  cylinder  diameter  is  18  inches  and  the  stroke  24  inches, 
and  the  engine  makes  200  revolutions  per  minute,  what  is  the  i.h.p. 
(1)  under  maximum  load  conditions  and  (2)  under  normal  load 


conditions? 


Ans. 


(1) 


(2) 


275.8  i.h.p. 

238.9  i.h.p. 

186.4  i.h.p. 

126.4  i.h.p. 

Differences. 


(a) 

(b) 

(a) 

(b) 

Ideal  and  Real  Diesel  Cycles.  Factors  Shoiving 
Fundamentally,  the  modification  of  the  theoretical  Diesel  cycle  does 
not  differ  in  practice  from  that  already  stated  for  the  Otto  cycle,  as 
far  as  the  suction,  compression,  expansion,  and  exhaust  lines  are 
concerned.  The  combustion  line,  since  the  combustion  takes  place 
at  constant  pressure  rather  than  at  constant  volume,  needs  further 
attention. 

The  injection  of  fuel  is  never  exactly  so  regulated  as  to  develop  a 
combustion  line  showing  exactly  constant  pressure,  the  line,  in  prac¬ 
tice,  showing  a  diminution  of  pressure  as  the  piston  moves  forward 
and  the  combustion  proceeds.  On  the  other  hand,  the  combustion  is 
never  found  to  take  place  isothermally,  as  was  proposed  by  Diesel 
in  the  first  change  which  he  made  in  his  cycle.  Giildner  found  from 
analysis  of  indicator  diagrams  that  there  was  a  decided  temperature 
increase  along  the  combustion  line,  in  spite  of  the  fact  that  it  looked 
isothermal.  He  found  that  the  air  was  compressed  to  approximately 
1100°  F.  and  that  at  the  full  cut-off  this  had  increased  to  roughly 
2700°  F.  Due  to  afterburning,  the  maximum  temperature  was  about 
270°  F.  higher  than  this  and  occurred  after  the  cut-off,  so  that  it  can 
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be  seen  from  this  that  afterburning  affects  the  combustion  and  expan¬ 
sion  lines  in  the  Diesel  cycle,  as  well  as  in  the  Otto  cycle,  but  to  a 
less  extent. 

These  results  should  be  compared  with  the  calculated  results  on 
pages  30  and  32  for  the  case  where  the  exponent  of  the  compres¬ 
sion  line  was  1.35 — the  average  exponent  of  compression  lines  found 
in  practice — and  the  engine  cut-off  at  10  per  cent  of  the  stroke. 

Effects  of  Departures  from  I  deal. Conditions.  The  total  effect  of 
these  differences  between  the  real  and  the  ideal  engine  is  that  the 
work  done  in  an  actual  Diesel  engine  in  good  condition  is  only  from 
50  per  cent  to  75  per  cent  of  that  which  the  ideal  engine  (compression 
and  expansion  adiabatic)  would  do,  or,  in  other  words,  the  efficiency 
of  the  real  engine  is  only  from  50  per  cent  to  75  per  cent  of  that  of 
the  ideal  engine,  depending  on  the  design  and  workmanship;  prop¬ 
erly  designed  and  constructed  engines  average  about  70  per  cent. 


Example.  What  are  the  probable  actual  efficiency,  horsepower,  and  oil 
consumption  of  the  ideal  engine  of  the  preceding  illustrative  examples  (1)  under 
maximum  load  conditions,  and  (2)  under  rated  load  conditions,  assuming  the 
real  engine  to  have  .  7  the  efficiency  of  the  ideal  cycle? 

Solution.  When  the  engine  compresses  and  expands  the  charge  adiabatically, 
the  ideal  efficiency  was  found  to  be 


(1)  0.566 

(2)  0.591 

Probable  real  efficiency 

(1)  0.7X. 566=0. 396 

(2)  0.7X.  591  =0.414 
The  ideal  horsepower  was  found  to  be 

(1)  118.1 
(2)  74.9 

Probable  real  horsepower 

(1)  0.7X118.1=82.7 

(2)  0.7X74.9  =  52.4 

The  oil  consumption  is  expressed  in  pounds  per  i.h.p.  per  hour.  In  the 
ideal  engine  the  volume  of  charge  per  cycle  is  V2-Vh  and  the  volume  of  charge 
per  pound  of  fuel  at  maximum  load  is  L.  Therefore,  the  weight  of  fuel  injected 
per  cycle  at  maximum  load  is 


F2-F1 

L 


1.178 

300 


=  .00393  lb. 


At  maximum  load  the  heat  added  per  cycle  is 


n_ 

L 


18,000 

300 


60  B.t.u. 


But  at  normal  load  the  fuel  admission  is  cut  off,  so  that  only  42.92  B.t.u.  are 
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added.  Therefore,  the  amount  of  fuel  injected  at  normal  load  is  only  ^ 

60 

or  0.  7  15  of  that  injected  at  maximum  load.  Therefore,  the  oil  used  per  hour  is 
At  maximum  load,  0.00393X125X60  =  29.46  lb. 

At  normal  load,  29.46X0.715  =  21.06  lb. 

Ihe  probable  real  i.h.p.  is  82.7  and  52.4,  respectively 
Therefore,  the  oil  consumption  is 


(1) 

(2) 


29.46 

82.7 

21.06 

52.4 


=  0.356  lb.  per  i.h.p.  per  hour 


=  0.402  lb.  per  i.h.p.  per  hour 


EXAMPLES  FOR  PRACTICE 

What  are  the  probable  actual  efficiency,  i.h.p.,  and  oil  con¬ 
sumption  of  the  engine  whose  ideal  performance  has  been  worked 
out  in  the  previous  examples  for  practice  (1)  at  maximum  load  and 
(2)  at  normal  load?  Efficiency  of  the  real  engine  is  .7  of  the  effi¬ 
ciency  of  the  ideal. 

(1)  0.386  efficiency 
193.2  i.h.p. 

0.361  lb.  of  oil  per  i.h.p.  per  hour 

(2)  0.402  efficiency 
130.5  i.h.p. 

0.352  lb.  of  oil  per  i.h.p.  per  hour 


FUELS  AND  FUEL  MIXTURES 

COMPOSITION  AND  HEAT  VALUES  OF  ENGINE  FUELS 

Classification  of  Gases.  The  fuels  used  in  gas  engines  are 
extremely  variable  in  origin,  in  composition,  and  in  heat  value. 
They  consist  almost  entirely  of  the  chemical  elements  carbon,  hydro¬ 
gen,  and  oxygen,  and  their  compounds,  diluted  with  more  or  less 
nitrogen.  The  intelligent  appreciation  of  the  method  of  manufac¬ 
ture  and  of  the  advantages  of  gaseous  fuels  in  general,  and  producer 
gas  in  particular,  necessitates  a  clear  understanding  of  certain 
fundamental  facts. 

Gases  may  be  divided  into  three  classes:  elementary,  compound, 
and  mixtures.  Elementary  gases  consist  of  one  element  only — as 
oxygen,  for  instance.  Compound  gases  are  composed  of  two  or 
more  elements  in  chemical  combination,  such  as  marsh  gas,  in  which 
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carbon  and  hydrogen  are  combined.  Mixtures  are  not  definite 
compounds,  but  consist  of  two  or  more  elementary  or  compound 
gases  simply  mixed  together  without  any  chemical  affinity  exist¬ 
ing  between  any  of  the  constituents.  Air  is  such  a  mixture, 
consisting  essentially  of  21  parts  of  oxygen  and  79  parts  of  nitrogen 
by  volume;  or  23  parts  of  oxygen  and  77  parts  of  nitrogen  by  weight. 

Characteristics  of  Common  Gases.  The  presence  of  certain 
desirable  or  undesirable  constituents  will  give  the  gas  desirable  or 
undesirable  properties,  and  these  properties  will  be  proportional  to 
the  relative  percentage  present  of  the  constituents  in  question. 
Hence,  it  is  desirable  to  know  the  properties  of  each  constituent,  so 
that  its  effect  on  the  gas  as  a  whole  may  be  determined. 

Hydrogen.  Hydrogen  is  the  lightest  known  substance,  is  color¬ 
less,  odorless,  non-poisonous,  very  combustible,  non-luminous,  and 
burns  with  a  pale  blue  flame. 

Marsh  Gas.  Marsh  gas,  also  called  methane,  is  odorless,  color¬ 
less,  has  a  high  calorific  power  but  slow  rate  of  combustion,  and 
burns  with  a  slightly  luminous  flame. 

Olefiant  Gas.  Olefiant  gas,  also  called  ethylene  or  ethene,  has  a 
high  calorific  power,  is  colorless  and  odorless,  and  burns  with  a  very 
luminous  flame.  It  is  sometimes  spoken  of  as  an  “illuminant”. 

Carbon  Monoxide.  Carbon  monoxide,  also  called  carbonic 
oxide,  is  a  deadly  poison,  colorless,  odorless,  insoluble  in  water,  and 
burns  with  a  blue  flame. 

Carbon  Dioxide.  Carbon  dioxide,  also  called  carbonic  anhy¬ 
dride  or  carbonic  acid,  is  soluble  in  water,  odorless,  colorless,  and 
non-combustible. 

Oxygen.  Oxygen  is  colorless,  tasteless,  odorless,  and  its  pres¬ 
ence  in  gas  decreases  the  amount  of  oxygen  that  must  be  furnished 
for  combustion. 

Nitrogen.  Nitrogen  is  odorless,  colorless,  non-combustible,  and 
has  no  effect  in  combustible  mixtures  except  to  act  as  a  diluent. 

Water  Vapor.  Water  vapor  comes  from  undecomposed  steam 
passing  through  the  fuel.  On  account  of  its  high  specific  heat,  it 
may  cause  a  large  heat  loss. 

Physical  Properties  of  Gases.  Volume.  The  volume  of  a  gas 
varies  with  the  temperature  and  pressure.  In  order  to  secure 
comparable  results  from  different  tests,  it  is  necessary  that  some 
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definite  standard  be  used.  The  standard  condition  is  taken  as 
62  degrees  F.  and  a  pressure  of  29.92  inches  of  mercury. 

Density.  The  density  of  a  gas  is  the  ratio  of  the  weight  of  a 
unit  volume  of  the  gas  to  the  weight  of  a  unit  volume  of  another 
gas  taken  as  a  standard,  and  at  the  same  standard  condition.  Hydro¬ 
gen  and  air  are  the  standards  usually  used. 

Thermal  Capacity.  The  thermal  capacity  of  a  substance  is  the 
heat  required  to  raise  the  temperature  of  a  unit  weight  of  it  one 
degree.  The  specific  heat  of  a  gas  is  the  ratio  between  the  thermal 
capacities  of  equal  weights  of  the  gas  and  of  water. 

Sensible  Heat.  The  sensible  heat  of  a  gas  is  the  heat  it  carries 
by  virtue  of  its  temperature.  The  sensible  heat  per  degree  rise  of 
temperature  is  equal  to  the  product  of  the  weight  of  gas  and  its 
specific  heat. 

B.T.U.  The  British  thermal  unit  (B.t.u.)  is  the  amount  of 
heat  required  to  raise  the  temperature  of  one  pound  of  water  one 
degree  Fahrenheit. 

Calorific  Power.  The  calorific  power  (or  the  heat  value)  of 
a  gas  is  the  number  of  heat  units  evolved  by  the  complete  com¬ 
bustion  of  a  unit  volume  or  weight  of  the  gas. 

High  and  Low  Heat  Values.  When  the  heat  value  of  a  fuel 
gas  is  determined  in  a  calorimeter,  the  products  of  combustion  are 
cooled  to  the  original  temperature  of  the  air-gas  mixture.  Most  of 
the  water  vapor  formed  by  the  combustion  of  the  free  and  combined 
hydrogen  in  the  gas  is  condensed  by  this  cooling.  The  measured 
quantity  of  heat,  therefore,  includes  the  latent  heat  of  the  water 
vapor  (the  heat  given  up  by  the  water  vapor  in  condensing  from 
steam  at  the  temperature  of  the  mixture  to  water  at  the  temperature 
of  the  mixture)  recovered  during  this  condensation. 

The  low  heat  value  is  the  heat  value  of  the  gas  when  none  of 
the  water  vapor  formed  by  combustion  has  been  condensed.  This 
is  the  value  on  which  gas  engine  efficiencies  are  usually  based,  since 
a  gas  engine  cannot  utilize  the  latent  heat  of  the  water  vapor  and 
therefore  should  not  be  charged  with  it. 

The  high  heat  value  is  the  heat  value  of  the  gas  when  all  of  the 
water  vapor  formed  by  combustion  has  been  condensed — but  with 
none  of  the  water  vapor  contained  in  the  original  gas  or  air  con¬ 
densed.  To  be  sure  that  this  condition  obtains,  the  exhaust  gas 
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TABLE  IV 

Combustion  Products 


Fuel 

Symbol 

Combustion  Product 

Volume  After  Com¬ 
bustion,  per  Cu.  Ft. 
of  Gas  Burned 

h2o 

Cu.  Ft. 

C02 

Cu.  Ft. 

Carbon  monoxide. 

CO 

2  CO  +  02=  2  C02 

1 

Hydrogen . 

h2 

2  H2  +  02=  2  H20 

1 

Methane . 

C  Hi 

C  Hi  +  202  =  C02+  2 H20 

2 

1 

Ethane  . 

C2H 6 

2C2H 6*  +  702—  4C02+  6  H20 

3 

2 

Ethylene . 

c2h4 

C2Hi  +  3 02  =  2  C02+  2  H20 

2 

2 

Acetylene . 

c2h2 

2  C2H2  +  502  =  4C02+  2  H20 

1 

2 

Benzene  . 

c,h6 

2  C6H6  +1502  =  12C02+  6  H20 

3 

6 

Hexane . 

C,H  u 

2CC)Hu  + 1902  =  12C02  +  UH20 

7 

6 

Nonane . 

CqH^ 

C,H20  +U02=  9CO2  +  10H2O 

10 

9 

Methyl  alcohol  .  . 

C  HiO 

2C  HiO+  3 02=  2C02+  m20 

2 

1 

Ethyl  alcohol  .... 

CM(0 

C2HtO+  3 02=  2 C02+  3  H20 

3 

2 

must  have  the  same  humidity  (water  vapor  content)  as  the  original 
gas  and  air;  otherwise  this  divergence  must  be  corrected  for. 


CALCULATION  OF  PHYSICAL  PROPERTIES  OF  A  GASEOUS  FUEL 

Chemical  and  Physical  Data.  Table  IV  gives  the  names, 
chemical  symbols,  and  combustion  reactions  of  the  various  con¬ 
stituent  gases  contained  in  the  gaseous  fuels  ordinarily  used  in 
engines.  Table  V  gives  the  physical  properties  of  these  constituent 
gases.  From  these  tables,  and  knowing  the  analysis — the  percent¬ 
ages  by  volume  or  by  weight  of  the  constituents — of  a  particular 
gas,  the  physical  properties  of  the  mixture  can  be  calculated. 

Volumetric  and  Weight  Analyses.  The  volumetric  analysis 
can  be  determined  from  the  analysis  by  weight  by  dividing  the  per 
cent  by  weight  of  each  constituent  present  by  the  specific  weight 
of  that  constituent  (weight  of  one  cubic  foot  under  standard  condi¬ 
tions)  as  given  in  Table  V,  and  dividing  each  quotient  by  the  sum  of 
the  quotients.  The  analysis  by  weight  is  determined  in  the  reverse 
manner  by  multiplying  the  per  cent  of  volume  of  each  constituent 
by  the  specific  weight  and  dividing  each  product  by  the  sum  of  the 
products.  Molecular  weights  may  be  used  in  place  of  specific  weights. 

Example.  A  typical  producer  gas  made  from  anthracite  coal  has  the 
following  analysis  by  volume:  C02,  5.2;  02,  0.4;  CO,  22.9;  H2,  15.3;  CH<,  1.0; 
N2,  55.2.  What  is  the  analysis  by  weight? 
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Carbon  dioxide  .... 
Carbon  monoxide  . .  . 
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Solution. 

Per  cent  Specific 
by  Vol.  Weight 

C02  5.2X0.1156  =  0.6011X100 

02  0.4X0.0841=0.0336X100 

CO  22.9X0.0734  =  1.6809X100 

H2  15.3X0.0053  =  0.0811X100 

CH4  1.0X0. 0421  =  0 . 0421 X 100 

N2  55.2X0.0738  =  4.0738X100 

100.0  6.5126 

Specific  Weight.  The  specific  weight  can  be  determined  by 
multiplying  the  volumetric  per  cent  of  each  constituent  present  by 
the  specific  weight  of  that  constituent  as  given  in  Table  V,  and 
dividing  the  sum  of  the  products  so  obtained  by  100. 

Example.  What  is  the  specific  weight  of  the  gas  of  the  preceding  problem? 

Solution.  From  the  solution  of  the  previous  problem  the  sum  of  the 
products  of  the  specific  weights  of  the  constituents  by  the  volumetric  percentage 
is  6 . 5126.  Therefore,  the  specific  weight  of  the  producer  gas  is 

^ ’lOO^  =  0*0651  Ik*  Per  cu.  ft. 

Density.  The  density  is  determined  by  dividing  the  specific 
weight  of  the  gas  by  the  specific  weight  of  air. 

Example.  What  is  the  density  of  the  producer  gas  of  the  previous  prob¬ 
lems? 

Solution. 

~  0.0651 

DenSlty  =  O76l  =  0'8553 

Specific  Heat.  The  specific  heat  is  determined  by  multiplying 
the  per  cent  by  weight  of  each  constituent  present  by  the  specific 
heat  of  that  constituent,  as  given  in  Table  V,  and  dividing  the  sum 
of  the  products  thus  obtained  by  100. 

Example.  What  is  the  specific  heat  at  constant  pressure  of  the  producer 
gas  of  the  previous  problems? 

Solution. 

Per  cent  r 
by  Weight 

C02=  9.2X0.203=  1.868 

02=  0.5X0.218=  0.109 

CO  =  25.9X0.243=  6.294 
H2=  1.2X3.409=  4.091 

CH4=  0.6X0.589=  0.353 
N2=  62.6X0.244  =  15.274 
100.0  27.989 

Specific  heat  =  - ^ =  0.280 


Per  cent 
by  Weight 

-5-6.5126  =  9.2 

-*-6.5126  =  0.5 

-*-6.5126  =  25.9 
-*■6.5126=  1.2 

-*-6.5126=  0.6 
-5-6.5126=  62.6 
100.0 
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The  specific  heat  at  constant  volume  is  found  in  precisely  the 
same  manner,  only  using  the  values  for  the  specific  heats  at  constant 
volume  of  the  constituents  in  place  of  the  specific  heats  at  constant 
pressure. 

Weight  of  Oxygen  or  Air.  The  weight  of  oxygen  or  air  chemi¬ 
cally  necessary  for  complete  combustion  is  determined  by  multiplying 
the  per  cent  by  weight  of  each  constituent  present  by  the  weight  of 
oxygen  or  air  required  by  that  constituent,  as  given  in  Table  V,  and 
dividing  the  sum  of  the  products  so  obtained  by  100. 

Example.  What  is  the  weight  of  air  chemically  necessary  for  the  com¬ 
bustion  of  the  producer  gas  of  the  previous  problems? 


Solution. 

Per  cent  Weight 
by  Weight  of  Air 

C02=  9.2X  0=  0.00 

02=  0.5X  -1=  -0.5 

CO  =25.9X2.477=  64.14 
Hz  =  1.2X34.78=  41.74 
CH4  =  0.6X17.32=  10.39 
iV2=62.6X  0=  0.00 

100.0  115.77 


Weight  of  air  required  =  — ^ '-JJ-  =  1.16  lb.  per  lb.  of  gas 
lUU 

Volume  of  Oxygen  or  Air.  The  volume  of  oxygen  or  air  chem¬ 
ically  necessary  for  complete  combustion  is  determined  by  multi¬ 
plying  the  per  cent  by  volume  of  each  constituent  present  by  the 
volume  of  oxygen  or  air,  as  the  case  may  be,  required  by  that  con¬ 
stituent,  as  given  in  Table  V,  and  dividing  the  sum  of  the  products 
thus  obtained  by  100. 

Example.  What  is  the  volume  of  air  chemically  necessary  for  the  com¬ 
bustion  of  the  producer  gas  of  the  previous  problems? 


Solution. 

Per  cent  Volume 
by  Volume  of  Air 

C02  =  5.2X  0.00=  0.00 
02=  0.4X-1  =-0.40 

CO  =22. 9X  2.38=  54.50 
tf2  =  15. 3X  2.38=  36.42 
CH4=  1.0X  9.52=  9.52 

Ar2  =  55 . 2  X  0.00=  0.00 


100.00  100.04 

Volume  of  air  required  = 1-^  =  1 . 00  cu.  ft.  per  cu.  ft.  of  gas 
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Excess  of  Air  for  Perfect  Combustion.  In  practice,  more  air  is. 
used  for  combustion  than  the  amount  chemically  necessary.  If 
only  the  amount  chemically  necessary  were  used,  the  combustion 
would  not  be  complete.  The  amount  of  excess  air,  therefore,  is 
such  as  to  give  the  most  complete,  or  best,  combustion  and  varies 
between  35  and  55  per  cent  over  that  chemically  necessary. 

Example.  The  producer  gas  of  the  previous  problems  requires  an  excess 
of  air  of  35  per  cent  over  that  chemically  necessary,  to  give  best  results.  What 
is  the  amount  of  air  required  per  cubic  foot  of  the  gas? 

Solution. 

Volume  of  air  chemically  necessary  is 

1 . 00  cubic  foot  per  cubic  foot  of  gas 
Volume  of  air  necessary  to  give  best  results  is 

1 . 00  X 1 . 35  =  1 . 35  cu.  ft.  per  cu.  ft.  of  gas 

Heat  Value  of  Gas.  The  heat  value  of  the  gas  is  determined 
by  multiplying  the  per  cent  of  each  constituent  present  by  the  heat 
value  of  that  constituent — per  pound  or  per  cubic  foot  in  accordance 
with  whether  the  per  cent  is  by  weight  or  volumetric — and  dividing 
the  sum  of  the  products  so  obtained  by  100. 

Example.  What  is  the  low  heat  value  per  cubic  foot  of  the  producer 
gas  of  the  previous  problems? 

Solution. 

Per  cent  Heat 
by  Volume  Value 

C02  =  5.2X  0=  0 

02  =  0.4X  0=  0 

CO  =22.9X322=  7373 
'  H2  =  15. 3X281=  4299 
CH4=  1.0X913=  913 

iV2  =  55. 2X  0=  0 

100.0  12,585 

Heat  value  =--~j’^°  =  125.9  B.t.u.  per  cu.  ft. 

Heat  Value  of  Explosive  Mixture.  The  heat  value  of  the  explo¬ 
sive  mixture  per  cubic  foot  can  be  determined  by  dividing  the  heat 
value  of  a  cubic  foot  of  the  gas  by  the  sum  of  the  volumes  of  the 
gas  and  air. 

Example.  What  is  the  low  heat  value  of  the  explosive  mixture  of  the 
producer  gas  of  the  previous  problems  and  air  (1)  when  just  the  amount  of  air 
chemically  necessary  is  present,  and  (2)  when  there  is  an  excess  of  air  of  35  per 
cent  over  that  chemically  necessary? 
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Solution. 

(1)  Low  heat  value  of  the  explosive  mixture 

125  9 

qq  =  63.0  B.t.u.  per  cu.  ft. 

(2)  Low  heat  value  of  the  explosive  mixture 

125  9 

z  ,  '=53.6  B.t.u.  per  cu.  ft. 

l  +  l.oo 

Contraction  in  Volume.  The  contraction  due  to  combustion  is 
the  difference  in  volume  between  the  original  explosive  mixture  and 
the  products  of  combustion  when  the  latter  have  been  cooled  to  the 
original  temperature  of  the  mixture. 

The  contraction  is  determined  by  multiplying  the  volumetric 
per  cent  of  each  constituent  present  by  the  volume  contraction  of 
that  constituent,  as  given  in  Table  V,  and  dividing  the  sum  of  the 
products  so  obtained  by  100. 

Example.  What  is  the  contraction,  water  vapor  uncondensed,  of  the 
producer  gas  of  the  previous  problem  in  burning? 

Solution. 

Per  cent 
by  Volume 

C02  =  5.2 

02=  0. 4X1.0=  0.40 
CO  =22.9X0.5  =  11.45 
#2  =  15.3X0.5=  7.65 
C#4=  1. 0X0.0=  0.0 

V2=  55.2  _ _ 

100.0  19.70 

Contraction  =  ^4  =  0. 197  cu.  ft.  per  cu.  ft  of  gas  burned  with  water  vapor 
uncondensed 

/ 

Volumetric  Analysis  of  Exhaust  Gas.  The  volumetric  analysis 
of  the  probable  exhaust  gas  can  be  determined  by  multiplying  the 
volumetric  per  cent  of  each  constituent  present  by  the  volume  of 
water  and  carbon  dioxide  formed  by  the  combustion  of  that  con¬ 
stituent,  as  given  in  Table  IV;  adding  the  per  cent  of  nitrogen  in  the 
gas  to  the  volume  of  nitrogen  present  in  the  air  required  for  the 
combustion  of  100  cubic  feet  of  the  gas;  determining  the  volume  of 
oxygen  in  excess  of  that  chemically  necessary  for  the  combustion  of 
100  cubic  feet  of  the  gas;  then  adding  all  these  quantities,  dividing 
each  item  by  the  sum,  and  multiplying  by  100. 
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Example.  What  is  the  probable  volumetric  analysis  of  the  exhaust  gas 
/rom  the  combustion  of  the  producer  gas  of  the  previous  problems  in  35  per  cent 
excess  air? 

Solution. 

Volume  of  air  chemically  necessary  for  combustion 

1.00  cu.  ft.  per  cu.  ft.  of  gas 
Volume  of  air  required  (35  per  cent  excess) 

135  cu.  ft.  per  100  cu.  ft.  of  gas 
Volume  of  nitrogen  in  the  air 

135X0.79  =  106.7  cu.  ft.  per  100  cu.  ft.  of  gas 
Volume  of  oxygen  in  the  air 

135  —  106.7  =  28.3  cu.  ft.  per  100  cu.  ft.  of  gas 
Volume  of  oxygen  chemically  necessary 

100X0.21=21.0  cu.  ft.  per  100  cu.  ft.  of  gas 
Volume  of  oxygen  remaining  in  the  exhaust  gas 

28.3—21.0  =  7.3  cu.  ft.  per  100  cu.  ft.  of  gas 
Volume  of  the  exhaust  gas  may  be  calculated  thus: 


h2o 

C02 

n2 

o2 

C02=  5.2 

02  =  0.4 

CO  =  22.9 

Xl=  5.2 

Xl  =  22.9 

f  Used  in 
(combustion 

//2=  15.3 

Xl  =  15.3 

CHi=  1.0 

X2=  2.0 

Xl=  1.0 

From 
the  • 
air 

AT2=  55.2 

'  IV2  =  106. 7 
02=  7.3 

55.2 

106.7 

7.3 

Total 

17.3 

+  29.1  +  161.9 

+  7.3=215 

Check. 

Volume  of  air  and  gas  before  combustion 

135+100  =  235  cu.  ft.  per  100  cu.  ft.  of  gas 
Contraction  due  to  combustion 

19 .7  cu.  ft.  per  100  cu.  ft.  of  gas  burned 
Volume  after  combustion 

235  —  19.7,  or  215.7  cu.  ft.  per  100  cu.  ft.  of  gas 

Calculations  for  Exhaust  Gas.  In  all  apparatus  for  the  analysis  of 
gas,  the  gas  is  cooled  off  and  the  water  vapor  condensed  out,  and  therefore  the 
analysis  of  the  exhaust  gas  should  be  given  on  a  dry  basis.  In  this  case  it  will 
be  given  on  both. 
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Analysis 

Per  Cent  of  Water  Per  Cent  of  Water 


Volume  from 
Combustion  of  Vapor  Uncondensed 
100  cu.  ft.  Gas. 


Vapor  Condensed 


H20 


C02 


N 2 


17.3 


29.1 


7.3 


161.9 


17.3 
215.6 
29.1 
215.6 

7.3 
215.6 
161.9 
215.6 


X100=  8.0 


X 100  =  13. 5 


X100  =  3.4 


X 100  =  75.1 


100.0 


29.1 

198.3 

7.3 

198.3 

161.9 

198.3 


X 100  =  14.7 


X100=  3.7 


X 100  =  81. 6 


100.0 


Therefore  the  volume  of  exhaust  gases  per  100  cubic  feet  of  gas  is  as  follows: 

With  water  vapor  uncondensed  =215.6  cu.  ft. 

With  water  vapor  condensed  =  198 . 3  cu.  ft. 

The  analysis  by  weight,  the  specific  weight,  the  density,  and  the  specific 
heats  of  the  exhaust  gas  can  be  determined  in  precisely  the  same  manner  as  for 
the  producer  gas. 

EXAMPLES  FOR  PRACTICE 

1.  What  is  the  analysis  by  weight  of  the  natural  gas  given  in 
Table  VI? 

Ans. 

H2)  0.3;  CH 4,  90.9;  C2H 4,  0.5;  C02,  0.5;  CO,  1.0;  02,  0.8;  N2,  6.0 

2.  What  is  the  specific  weight  and  the  density  of  the  gas? 

( Specific  weight  =  0.0431  lb.  per  cu.  ft. 

11S‘\  Density  =  0.566 

3.  What  are  the  specific  heats,  at  constant  pressure,  and  at 
constant  volume? 

Cp  =  0.567 
Cv  =0.441 

4.  What  are  the  weight  and  volume  of  air  chemically  necessary 
for  combustion? 

15.95  lb.  of  air  per  lb.  of  gas 
8.96  cu.  ft.  of  air  per  cu.  ft.  of  gas 
,5.  If,  to  obtain  best  results,  the  air  must  be  56  per  cent  in 
excess  of  that  chemically  necessary,  what  is  the  volume  of  air  actually 
necessary?  Ans.  13.97  cu.  ft.  of  air  per  cu.  ft.  of  gas 

6.  What  is  the  low  heat  value  per  cubic  foot  of  the  gas,  and  of 
the  ideal  and  actual  explosive  mixture? 

f861  B.t.u.  per  cu.  ft. 

Ans.^j  86.4  B.t.u.  per  cu.  ft. 

[57.5  B.t.u.  per  cu.  ft. 


Ans. 


Ans. 
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7.  What  is  the  contraction  due  to  combustion? 

Ans.  0.013  cu.  ft.  per  cu.  ft.  of  gas  burned 

8.  What  is  the  volumetric  analysis  of  the  probable  exhaust  gas 
from  the  actual  explosive  mixture  (1)  steam  uncondensed  and  (2) 
steam  condensed? 

/ff 20  12.6,  CO,  6.3,  N,  74.0,  0,  7.1 

Ans-\  CO,  7.2,  N,  84.8,  0, 8.0 

9.  Check  the  volume  of  air  chemically  necessary  for  the  gases 
of  Table  VI. 

PROPERTIES  OF  GASEOUS  FUELS 

Illuminating  Gas.  In  those  regions  where  natural  gas  occurs, 
that  fuel  is  used  almost  exclusively  in  the  gas  engine;  but  in  most 
regions  the  gas  has  to  be  made  from  either  solid  or  from  liquid  fuels. 
The  use  of  liquid  fuels  will  be  considered  later  in  connection  with 
the  discussion  of  the  oil  engine.  In  most  towns  of  moderate  size, 
there  is  available  illuminating  gas  made  from  coal.  The  illuminat¬ 
ing  gas  is  made  by  one  of  two  processes,  giving  either  coal  gas  or 
water  gas.  There  may  also  be  available  coke-oven  gas,  oil  gas,  or 
other  special  gaseous  fuels. 

Coal  Gas.  Coal  gas  is  made  by  heating  bituminous  coal  in  a 
retort,  away  from  contact  with  the  air,  so  that  no  combustion  takes 
place.  The  hydrocarbon  gases  in  the  coal  are  driven  off  by  the  heat, 
and,  after  undergoing  various  purifying  processes,  are  collected  in  a 
holder.  The  non-volatile  part  of  the  coal  remains  as  coke.  The  gas 
consists  mainly  of  hydrocarbons,  and  has  a  high  heating  value. 

Water  Gas.  Water  gas  is  made  from  a  non-gaseous  fuel,  such  as 
anthracite  coal  or  coke,  by  an  intermittent  process.  Air  is  blown 
through  a  bed  of  coal  several  feet  thick,  until  the  coal  is  incandescent, 
the  products  of  combustion  being  permitted  to  escape.  Then  a  jet 
of  steam  is  blown  through  the  incandescent  fuel,  and  is  thereby 
broken  up  into  its  constituent  elements— hydrogen  and  oxygen.  The 
oxygen  combines  with  the  carbon  of  the  fuel  to  form  carbon  monox¬ 
ide  (CO);  the  hydrogen  goes  off  unchanged.  The  passage  of  the 
steam  quickly  cools  the  coal,  and  air  has  to  be  blown  through  again. 
The  only  gas  collected  is  that  generated  during  the  steam  blow;  it 
consists  principally  of  hydrogen  and  carbon  monoxide,  and  has  a 
much  lower  heating  value  per  cubic  foot  than  coal  gas.  The  whole 
of  the  coal  is  consumed  in  this  process.  If  this  gas  is  to  be  used  for 
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illuminating  purposes,  it  has  to  be  enriched  by  the  addition  of  hydro¬ 
carbon  vapors  obtained  by  heating  crude  oil  or  other  oil. 

Both  coal  gas  and  water  gas  are  excellent  fuels  for  use  in  a  gas 
engine;  but  since,  for  cleansing  them  and  increasing  their  illuminating 
power,  they  have  gone  through  certain  processes  which  increase  the 
cost  of  the  gas,  but  do  not  add  materially  to  its  value  for  gas-engine 
use,  and  since,  also,  the  cost  to  the  consumer  is  considerably  greater 
than  the  cost  of  production,  they  are  not  economical  fuels.  Such 
fuels  should  be  used  only  when  the  engine  is  small  or  its  operation 
infrequent. 

Coke=Oven  Gas.  When  bituminous  coal  is  heated  in  a  retort, 
the  products  of  the  process  are  gas,  tar,  ammonia,  and  coke.  In 
city  gas  plants,  the  first  is  the  principal  product  and  the  rest  are  by¬ 
products.  There  are  in  this  country  a  considerable  number  of  by¬ 
product  coke  ovens  which  carry  out  the  same  process  as  in  city  gas 
plants,  but  with  a  different  purpose  in  view,  and  with  more  com¬ 
plete  separation  of  the  by-products.  The  coke-oven  gas,  which  is 
obtained  as  a  by-product  from  such  ovens,  does  not  differ  materially 
from  coal  gas. 

Oil  Gas.  Oil  gas  is  obtained  by  mixing  the  vapor  of  crude  or 
other  mineral  oil  with  superheated  steam,  and  sending  the  mixture  to 
a  retort  where  a  temperature  of  about  600°  F.  is  maintained.  The 
vapor  is  there  converted  into  a  non-condensable  gas  very  rich  in 
hydrogen. 

Blast=Furnace  Gas.  Blast-furnace  gas  is  the  gas  that  comes 
from  the  top  of  a  blast  furnace,  which  is  simply  a  huge  gas-producer. 
In  the  past,  it  has  either  been  burned  there,  and  consequently  wasted, 
or  has  been  burned  under  boilers  for  generating  steam.  It  is  a  much 
weaker  gas  than  any  of  the  others  described,  but  can  be  used  most 
satisfactorily  and  economically  in  gas  engines.  Naturally,  it  is 
available  only  at  blast-furnace  plants. 

Producer  Gas.  If  gas  is  not  taken  from  any  of  these  sources, 
it  can  be  generated  specially  for  the  engine  in  a  gas-producer. 

In  the  gas-producer,  either  air  alone,  or  generally  both  air  and 
steam,  are  sent  through  a  thick  bed  of  coal.  The  oxygen  of  the  air, 
on  first  striking  the  zone  of  the  incandescent  coal,  combines  with  the 
carbon  to  form  carbon  dioxide  (C02) ;  but  this,  on  passing  through 
the  burning  coal  above,  is  reduced  to  carbon  monoxide  (CO),  which 
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escapes  with  the  hydrogen  and  carbon  monoxide  resulting  from  the 
action  of  the  steam  on  red-hot  coal  and  with  the  nitrogen  which  came 
in  with  the  air.  The  resulting  gas,  therefore,  consists  almost  entirely 
of  carbon  monoxide,  hydrogen,  and  nitrogen.  The  large  amount  of 
nitrogen  in  the  air  (79  volumes  in  100)  makes  producer  gas  contain 
50  per  cent  or  more  of  that  inert  gas,  and  consequently  gives  it  a 
low  heat  value. 

Characteristics  Compared.  Composition.  The  compositions  of 
the  various  gases  mentioned  are  given  in  Table  VI  (p.  53).  They 
are  all  rich  in  hydrogen  and  marsh  gas,  with  the  exception  of  blast¬ 
furnace  gas  and  producer  gas.  The  presence  of  large  quantities  of 
hydrogen  makes  a  gas  engine  peculiarly  liable  to  premature  ignition. 
As  this  phenomenon  is  particularly  pronounced  and  particularly 
objectionable  in  large  gas  engines,  those  gases  only  which  contain  not 
more  than  10  to  12  per  cent  of  hydrogen  are  desirable  for  large  powers. 

Heat  of  Combustion.  The  heat  of  combustion  of  a  cubic  foot  of 
each  of  the  gases  under  the  standard  conditions — that  is,  with  the 
gas  at  62°  F.  and  at  a  pressure  of  14.7  pounds  per  square  inch — is 
also  given  in  Table  VI.  There  is  a  very  large  range  in  the  values, 
the  extreme  range  from  natural  gas  to  blast-furnace  gas  being  a 
range  of  12  to  1. 

Volume  of  Air  Used  in  Combustion.  The  volume  of  air  chemi¬ 
cally  necessary  for  the  combustion  varies,  however,  through  a  range 
which  is  almost  as  great;  for  natural  gas  it  is  9  times  the  volume  of 
the  gas;  for  blast-furnace  gas  only  §.  The  volume  of  air  actually 
necessary  varies  through  a  greater  range;  for  natural  gas  it  is  14 
times  the  volume  of  the  gas;  for  blast-furnace  gas  only  1. 

Heat  of  Combustion  of  Mixture.  The  heat  of  combustion  of  a 
cubic  foot  of  the  perfect  explosive  mixture  is,  for  natural  gas,  about 
100  B.t.u.;  for  blast-furnace  gas,  about  60  B.t.u.;  that  is,  the  heat  of 
combustion  of  a  cubic  foot  of  the  explosive  mixture  does  not  vary 
much,  even  in  the  two  extreme  cases.  In  practice,  more  air  goes  to 
the  cylinder  with  the  gas  than  the  amount  that  is  chemically  neces¬ 
sary;  an  excess  of  at  least  35  per  cent  over  that  amount  is  usual. 
Such  excess  of  air  results  in  more  complete  combustion,  and  con¬ 
sequently  gives  greater  economy.  Table  VI  gives  the  average  heat 
of  combustion  per  cubic  foot  of  the  theoretical  mixture  and  of  the 
actual  mixture. 
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Internal-combustion  motors  can  be  made  to  work  with  any 
explosive  mixture.  Mixtures  of  air  with  gaseous  fuels  are  natu¬ 
rally  the  mixtures  most  easily  made  and  controlled.  Generally,  mi  - 
tures  of  air  with  liquid  fuels  offer  no  particular  difficulty.  Mixtures 
of  air  with  solid  fuels,  such  as  powdered  coal,  have  been  tried,  u 
are  not  practicable,  on  account  of  the  ash  which  remains  m  the 
cylinder  and  rapidly  abrades  it. 

The  liquid  fuels  which  are  commercially  available  are  crude  | 

petroleum  and  its  distillates,  and  alcohol. 

Crude  Petroleum.  Crude  petroleum  occurs  at  many  parts  of 
the  earth’s  surface,  the  principal  sources  being  the  United  States  and 
the  Baku  district  in  the  Caucasus.  In  the  United  States  the  prin¬ 
cipal  fields  are  in  Pennsylvania,  Ohio,  Texas,  and  California.  e 
oils  from  these  different  fields  are  very  different  in  their  character¬ 
istics  They  consist  almost  entirely  of  compounds  of  hydrogen  an  I 
carbon — the  so-called  hydrocarbons.  The  crude  oils  are  made  up 
principally  of  closely  related  compounds,  some  of  which,  on  separa¬ 
tion,  are  gaseous,  others  liquid,  and  still  others  solid  at  ordinary 
temperatures.  The  liquid  constituents  are  of  different  densities  and 
volatilities,  varying  from  an  extremely  light  liquid,  which  evaporates 
rapidly  at  atmospheric  temperature  (just  as  alcohol  and  ether  do), 
to  heavy,  viscous  liquids,  which  have  to  be  raised  to  a  high  tempera¬ 
ture  before  they  will  give  off  vapors.  The  character  of  the  crude 
oil  depends  on  the  relative  amounts  of  these  various  constituents. 
The  Pennsylvania,  Ohio,  and  Baku  oils  contain  a  considerable  pro¬ 
portion  of V  the  lighter  liquid  constituents.  The  Texas  and  Cali¬ 
fornia  oils  contain  very  little  of  the  lighter  constituents,  but  consist 
mainly  of  a  different  series  of  hydrocarbons,  having  close  chemical 


relations  with  asphaltum. 

The  crude  oils  from  Pennsylvania  and  Ohio  can  be  used  in  oil 
engines.  The  Texas  and  California  crude  oils  can  also  be  used,  but 
only  with  difficulty  and  in  engines  specially  designed  for  such  oils. 
The  crude  oil,  because  it  is  a  mixture  of  substances  of  very  divergent 
physical  properties,  is  not  a  satisfactory  fuel;  those  engine  conditions 
which  are  favorable  for  burning  one  part  of  the  oil  are  not  neces¬ 
sarily  favorable  for  the  other  constituents. 
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Refining  Products.  The  Pennsylvania  and  Ohio  crude  oils  are 
commonly  refined  before  using.  The  refining  is  a  process  of  distilla¬ 
tion  carried  on  in  closed  retorts.  If  crude  petroleum  is  slowly 
heated,  it  gives  off  as  vapor  its  various  constituent  elements;  the 
more  volatile  being  given  off  at  the  lower  temperatures,  and  the 
residue  becoming  continuously  more  dense  and  more  viscous.  In 
the  refining  of  petroleum,  the  vapors  given  off  at  various  tempera¬ 
tures  are  condensed  and  collected  separately ;  the  names  given  to 
the  various  products  are  an  index  chiefly  to  the  temperature  at 
which  they  give  off  their  vapors.  The  most  volatile  of  the  ordinary 
products  contains  all  the  elements  that  vaporize  at  a  temperature 
below  160°  F.,  and  is  called  gasoline.  It  gives  off  some  of  its  lighter 
vapors  at  the  ordinary  temperature  of  the  air;  and,  as  these  vapors 
are  highly  combustible,  gasoline  is  quite  dangerous.  When  mixed 
with  from  8  to  20  parts  of  air,  it  forms  an  explosive  mixture  which 
gives  a  more  rapid  explosion,  and  consequently  higher  pressure,  than 
do  mixtures  of  equal  heat  value  with  any  of  the  gaseous  fuels.  When 
exposed  to  the  air,  the  lighter  vapors  escape,  leaving  behind  a 
heavier  and  less  volatile  oil. 

If  petroleum  which  has  been  heated  for  some  time  at  160°  F.  is 
slowly  raised  in  temperature  to  250°  F.,  a  new  and  heavier  series  of 
vapors  will  be  given  off,  which,  when  condensed  and  collected,  are 
called  benzine  or  naphtha.  On  further  raising  the  temperature 
from  250°  F.  to  350°  F.,  a  still  heavier  series  of  vapors  is  given  off, 
forming  the  oil  known  as  kerosene.  Kerosene  will  not  give  off  inflam¬ 
mable  vapors  till  it  is  heated  to  about  120°  F.,  so  that  it  is  compara¬ 
tively  safe,  and  will  not  change  or  deteriorate  when  stored  under 
ordinary  conditions.  It  is  more  difficult  to  burn  satisfactorily  than 
is  gasoline;  and,  when  subjected  to  a  high  temperature  with  insuffi¬ 
cient  air  for  its  combustion,  it  decomposes  and  deposits  its  carbon 
as  a  hard  cake  on  the  walls  of  the  containing  vessel.  The  dense 
petroleum  which  remains  after  the  kerosene  has  been  driven  off  is 
called  fuel  oil.  If  the  fuel  oil  is  subjected  to  still  higher  temperatures, 
other  and  denser  vapors  are  driven  off,  giving,  when  collected,  lubri¬ 
cating  oils ,  cylinder  oil ,  and  paraffine  wax ,  and  leaving,  finally,  a 
dense,  sticky  mass,  which  is  known  as  residuum. 

The  ordinary  distillation  is  into  three  “fractions”;  but  the  dis¬ 
tillation  can  be  made  in  as  many  steps  as  desired,  and  by  re-distilla- 
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TABLE  VII 

Densities  Corresponding  to  Degrees  Baume  for  Liquids  Lighter  Than  Water 


Degrees 

Baumd 

Density 

Degrees 

Baumd 

Density 

Degrees 

Baumd 

Density 

Degrees 

Baumd 

Density 

10 

1.0000 

30 

0.8750 

50 

0.7778 

70 

0 . 7000 

12 

0.9859 

32 

0.8642 

52 

0.7692 

72 

0.6931 

14 

0.9722 

34 

0.8537 

54 

0.7609 

74 

0.6863 

16 

0.9589 

36 

0.8434 

56 

0.7527 

76 

0 . 6796 

18 

0.9459 

38 

0.8333 

58 

0.7447 

78 

0.6731 

20 

0.9333 

40 

0.8235 

eo 

0.7368 

80 

0.6667 

22 

0.9211 

42 

0.8140 

62 

0.7292 

84 

0.6542 

24 

0.9091 

44 

0.8046 

64 

0.7216 

88 

0 . 6422 

26 

0.8974 

46 

0.7955 

66 

0.7143 

92 

0.6306 

28 

0.8861 

48 

0.7865 

68 

0.7071 

96 

0.6195 

tion  more  and  more  complete  separation  of  the  individual  compo¬ 
nents  can  be  effected.  As  the  practice  in  distilling  varies  in  the 
different  oil  refineries,  an  endless  variety  of  distillates  of  petroleum 
is  purchasable. 

Density  Best  Indication  of  Properties  of  Product.  The  best  indi¬ 
cation  of  the  general  physical  properties  of  any  petroleum  product  is 
found  in  its  density,  as  each  constituent  of  the  petroleum  has  a 
different  density.  The  density  is  not,  however,  an  entirely  satis¬ 
factory  indication,  since  a  mixture  of  heavier  and  lighter  oils  may 
have  the  same  density  as  some  intermediate  oil. 

The  density  of  a  liquid  is  the  weight  of  the  unit  volume  of  that 
liquid  at  60°  F.,  as  compared  with  the  weight  of  the  same  volume  of 
water  at  60°  F.  All  the  liquid  fuels  are  lighter  than  water.  It  is 
the  common  practice  to  speak  of  the  density  of  petroleum  products 
in  degrees  Baume.  This  is  an  arbitrary  scale,  with  nothing  to  recom¬ 
mend  it.  Its  relation  to  true  density  for  liquids  lighter  than  water 
is  given  in  Table  VII. 

The  density  of  gasoline  varies  from  .67  to  .71 ;  of  kerosene,  from 
.75  to  .82;  of  fuel  oil,  from  .82  to  .85. 

The  higher  the  density,  the  less  the  degrees  Baume.  The  heats 
of  combustion  of  the  various  crude  oils  and  their  distillates  do  not 
vary  greatly;  they  range  from  18,000  to  20,000  B.t.u.  per  pound. 

Denatured  Alcohol.  The  action  of  the  United  States  Gov¬ 
ernment  in  removing  the  excise  duty  from  denatured  alcohol  has 
made  that  substance  commercially  available  for  use  in  internal- 
combustion  motors.  There  are  two  principal  kinds  of  alcohol:  (1) 
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TABLE  VIII 

Heat  Values  and  Mixture  Proportions  for  Common 
Liquid  Fuels 


Gasoline 

Kerosene 

Alcohol 

90  Per  Cent 
by  Vol. 

Crude  Oil 

Lower  heat  value — B.t.u.  per  lb . 

20,500 

20,300 

10,900 

18,000 

Air  chemically  necessary  per  lb. 
of  fuel — in  cu.  ft . 

189 

187 

101 

176 

Heat  value  of  ideal  mixture — 
B.t.u.  per  cu.  ft.* . 

108.5 

108.5 

108.0 

102.0 

Air  actually  necessary  per  lb.  of 
fuel  to  give  best  results — in 
cu.  ft . 

300 

300 

165 

305 

Heat  value  of  actual  mixture — 
B.t.u.  per  cu.  ft.* . 

68.5 

67.5 

66.0 

59.0 

*  In  explosive  mixtures  of  liquid-fuel  vapors  and  air,  the  volume  occupied  by  the  fuel 
vapor,  when  compared  with  the  volume  of  air,  is  so  small  that  it  may  be  neglected  without  serious 
error.  In  the  above  table  the  Heat  Value  of  the  Mixture,  Ideal  and  Actual,  was  calculated  on 
the  above  assumption. 

ethyl  or  grain  alcohol  {C^H^O),  which  can  be  made  from  corn,  rye, 
rice,  molasses,  beets,  or  potatoes,  by  a  process  of  fermentation  and 
distillation;  and  (2)  methyl  or  wood  alcohol  ( CH4O ),  which  is  obtained 
from  the  destructive  distillation  of  wood.  Grain  alcohol  is  that 
which  is  present  in  alcoholic  beverages;  wood  alcohol  is  a  virulent 
poison.  Denatured  alcohol  is  grain  alcohol  which  has  been  ren¬ 
dered  unpalatable  and  unfit  for  consumption  by  the  addition  of 
wood  alcohol  and  a  little  benzine  or  other  substance.  The  common 
composition  of  denatured  alcohol  is  100  volumes  of  grain  alcohol 
mixed  with  10  volumes  of  wood  alcohol  and  \  volume  of  benzine. 
This  substance  contains  within  itself  some  of  the  oxygen  which  is 
necessary  for  its  combustion.  It  gives  up  about  11,800  B.t.u.  per 
pound  on  burning,  which  is  not  much  more  than  one-half  as  much 
heat  per  pound  as  gasoline  or  kerosene. 

Data  on  Liquid  Fuels.  Table  VIII  gives  the  lower  heat  value 
in  B.t.u.  per  pound;  the  volume  of  air,  chemically  and  actually  neces¬ 
sary,  per  pound  of  fuel ;  and  the  heat  value  of  the  ideal  and  actual 
explosive  mixture  in  B.t.u.  per  cubic  foot,  for  the  more  common 
liquid  fuels. 


69 


00 


GAS  AND  OIL  ENGINES 


EXPLOSIVE  MIXTURES 


Proportions  of  Gas  and  Air  for  Various  Fuels.  An  important 

characteristic  of  a  fuel  is  its  explosibility  with  an  excess  or  deficiency 
of  air.  It  is  not  possible  or  desirable  to  regulate  the  air  supply  to 
an  engine  so  that  there  shall  always  be  present  exactly  the  amount 
chemically  necessary.  Other  things  being  equal,  that  fuel  is  best 
which  will  permit  the  largest  variation  of  the  ratio  of  air  to  fuel 
without  failure  to  ignite.  Coal  gas,  which  unites  with  5  to  7  times 
its  own  volume  of  air,  will  ignite— at  atmospheric  pressure— with 
any  amount  of  air  between  4  and  12  times  its  own  volume;  water  gas 

(uncarbureted) ,  using 
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3.9  times  its  own  volume 
of  air,  will  ignite  between 
the  limits  of  0.5  and  7 
times  its  own  volume. 
That  is,  an  engine  using 
uncarbureted  water  gas 
will  function  under  a 
much  larger  variation  of 
the  ratio  of  air  to  gas 
than  will  &  coal-gas  en¬ 
gine.  To  get  complete 
combustion,  the  air  sup¬ 
ply  must  always  be  some¬ 
what  in  excess  of  that 
chemically  necessary.  If 
it  is  much  in  excess  of  that  amount,  the  combustion  may  be  com- 


Fig.  14. 


Proportion  of  Gas  toftir 

Pressure  Curves  from  Explosion  of  Uncom¬ 
pressed  Coal-Gas  Mixtures 


plete,  but  it  will  be  slower  and  will  not  give  such  good  efficiencies. 

Explosibility  of  Various  Proportions  of  Coal  Gas.  The  curves, 
Fig.  14,  are  for  mixtures  of  coal  gas  and  air  at  atmospheric  pressure 
exploded  in  a  closed  vessel.  They  show  the  effect  of  the  ratio  of  air 
to  gas  on  the  maximum  pressure  obtained  by  the  explosion,  and  on 
the  time  it  takes  the  mixture  to  reach  its  maximum  pressure.  It  is 
seen  that  a  mixture  of  1  part  of  gas  to  about  6§  parts  of  air  gives  the 
maximum  pressure  92  pounds,  absolute ;  and  also  that  the  same,  or  a 
slightly  stronger  mixture,  gives  the  minimum  duration  of  the  explo¬ 
sion,  a  duration  in  the  neighborhood  of  .04  of  a  second.  With  the 
weakest  mixture,  the  time  required  to  reach  maximum  pressure- 
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TABLE  IX 


Limits  of  Proportion  fof  Explosive  Air=Gas  Mixtures 


Per  Cent  of  Gas  in  the  Mixture  by  Volume 

Gas 

Combining 

When  Air  is 

When  Gas  is 

Proportion 

in  Excess 

in  Excess 

Carbon  monoxide.  . 

29.6 

16.5 

74.95 

Hydrogen . . 

29.6 

9.45 

66.4 

Methane . 

9.5 

6  1 

12.8 

Ethane . 

5.6 

4.0 

22.0 

Ethylene . . . 

6.5 

4.1 

14.6 

Acetylene . 

7.7  • 

3.35 

52.3 

Pentane . 

2.6 

2.4 

4.9 

Benzene . 

2.7 

2.65 

6.5 

f86°  Baume 

1.54 

4.76 

Gasoline . 171°  Baume 

1.54 

4.76 

(65°  Baum6 

1.31 

4.76 

Alcohol  (95.14%  by  weight) . 

6.5 

3/95 

13.65 

Ether . 

3.4 

2.75 

7.7 

Water  gas . 

10.5 

52.3 

Coal  gas . 

6.7 

18.4 

Illuminating  gas . 

•  7.9 

19.1 

Blue  oil  gas . 

4.0 

! 

8.0 

which  is  approximately  the  time  required  for  complete  combustion 
— is  about  one-half  second.  As  a  small  gas  engine  may  run  at  360 
revolutions  per  minute,  or  6  revolutions  per  second,  there  is  only 
tV  of  a  second  available  for  each  stroke;  and  consequently  an 
explosion  requiring  §  of  a  second  is  altogether  inadmissible. 

Effect  of  Compression  on  the  Explosion.  The  compression  of 
the  charge,  which  takes  place  in  all  gas  engines,  makes  the  pressure  of 
the  explosion  much  greater,  and  its  duration  less,  than  those  shown 
in  Fig.  14.  With  a  compression  to  60  pounds  of  the  best  mixture  of 

TABLE  X 

Limits  of  Proportion  for  Explosive  Air=Gas  Mixtures  at 
Different  Temperatures 


Mixture 

Temp.  59°  F. 

212' 

0  F. 

392' 

s  F. 

572 

°  F. 

U  pper 
Limit 

Lower 

Limit 

Upper 

Limit 

Lower 

Limit 

Upper 

Limit 

Lower 

Limit 

Upper 

Limit 

Lower 

Limit 

Hydrogen  and  air . 

64.7 

9.5 

68.2 

9.5 

72.1 

9.6 

79.3 

9.6 

Carbon  monoxide  and  air 

74.6 

14.3 

77.2 

13.2 

80.4 

12.5 

57.4 

21.0 

Methane  and  air . 

13.0 

6.8 

12.6 

5.8 

12.8 

5.8 

13.0 

5.7 

Illuminating  gas  and  air 

22.6 

7.0 

24.7 

7.0 

26.7 

6.5 

28.6 

6.5 
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coal  gas  and  air,  the  explosion  in  a  small  engine  may  be  complete  in 
about  .01  of  a  second.  With  gasqline,  the  time  is  even  shorter. 
Table  IX  gives  the  limiting  proportions,  or  percentages,  of  gas  in 
explosive  mixtures,  between  which  the  mixture  is  combustible,  for 
the  various  fuels  and  constituent  gases.  Table  X  gives  the  limits 
for  mixtures  of  combustible  gas  and  air  for  four  temperatures, 
between  59  and  572  degrees  F.,  for  the  more  common  of  the  constitu¬ 
ent  gases  and  for  illuminating  gas. 

FUEL=MIXING  DEVICES 

Process  of  Carburetion.  In  order  to  make  an  explosive  mixture 
of  a  liquid  fuel  with  air,  it  is  necessary  first  to  convert  the  liquid  fuel 
into  a  vapor  or  gas.  The  lighter  distillates — gasoline,  naphtha, 
etc.,  are  easily  vaporized;  the  illuminating  oils  offer  some  difficulty; 
the  fuel  or  crude  oils  are  still  more  difficult. 

The  cycle  of  operations  through  which  the  engine  goes,  and  the 
general  structure  of  the  engine,  may  be  the  same  for  all  these  oils  as 
for  the  gas  engines  already  discussed ;  the  only  essential  difference  is 
in  the  addition  of  devices  for  supplying  the  oil  to  the  cylinder,  and  for 
its  preparatory  treatment. 

With  the  lighter  oils,  the  apparatus  for  vaporizing  the  oil  is 
called  a  carbureter;  with  the  heavier  oils,  a  vaporizer. 

The  vaporization  of  gasoline  is  effected  by  bringing  the  current 
of  air  that  is  on  its  way  to  the  cylinder,  over,  through,  or  in  some 
other  way,  into  intimate  contact  with  the  gasoline.  A  given  volume 
of  air  will  take  up  an  amount  of  gasoline  which  depends  on  the  com¬ 
position  of  the  gasoline,  the  temperature  of  the  air  and  gasoline,  and 
the  humidity  of  the  air.  When  it  has  taken  up  its  charge  of  gasoline 
vapor,  the  air  is.  said  to  be  “carbureted”.  The  lighter  (and  more 
volatile)  the  gasoline,  the  more  of  it  will  be  vaporized  by  a  given 
volume  of  air;  the  higher  the  temperature  of  the  air  and  gasoline,  the 
more  gasoline  is  evaporated;  also,  the  drier  the  air,  the  greater  is  its 
capacity  for  taking  up  the  gasoline. 

Avoiding  Selective  Evaporation.  Gasoline  is  a  mixture  of  many 
components;  and  on  the  passage  of  air  over  a  surface  of  gasoline,  the 
more  volatile  components  vaporize  first,  leaving  a  residue,  which 
becomes  denser  and  denser  and  which  gives  off  vapor  at  a  constantly 
decreasing  rate.  As  it  is  desired  that  all  of  the  gasoline  should  be 
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TABLE  XI 

Fractional  Distillates  for  Gasoline  and  Kerosene  and  Temperatures 
at  Which  They  Are  Given  Off 


Tenths 

Temperature 
Limits  in 
Degrees  F. 

Specific 

Gravity 

OF  THE 

Distillate 

Tenths 

Temperature 
Limits  in 
Degrees  F. 

Specific 

Gravity 

OF  THE 

Distillate 

Gasoline  (Specific  Gravity  =  0.684) 

Kerosene  (Specific  Gravity  =  0.801), 

1 

108-140 

0.648 

1 

280-350 

0.755 

2 

140-145 

0.655 

2 

350-387 

0.765 

3 

145-154 

0.665 

3 

387-414 

0.776 

4 

154-160 

0.670 

4 

414-457 

0.783 

5 

160-167 

0.675 

5 

457-487 

0.796 

6 

167-181 

0.686 

6 

487-525 

0.805 

7 

181-190 

0.693 

8 

190-205 

0.704 

9 

205-223 

0.718 

used  in  all  engines,  and  that  there  should  be  no  variation  in  the 
composition  of  the  carbureted  air,  this  selective  evaporation  has  to 
be  prevented.  The  process  of  vaporization  of  the  gasoline  necessi¬ 
tates  the  supply  of  the  latent  heat  of  vaporization  partly  from  the 
air  and  partly  from  the  body  of  the  fluid.  This  results  in  a  cooling 
of  the  gasoline,  which  in  turn  diminishes  the  rate  of  vaporization. 
In  cases  where  the  arrangements  are  such  that  this  cooling  of  the 
body  of  the  oil  by  vaporization  is  possible,  it  is  necessary  to  supply 
heat  from  outside — either  from  the  exhaust  gases  or  the  jacket 
water — to  make  up  for  the  loss  of  heat.  The  necessary  amount  of 
heat  for  the  vaporization  of  gasoline  is  small  and  can  be  taken  from 
the  jacket  water. 

It  is  not  necessary,  however,  in  all  cases  to  supply  heat  from  out¬ 
side  to  the  carbureter.  There  are  many  devices  by  which  selective 
evaporation  and  the  cooling  of  the  body  of  the  gasoline  can  be 
entirely  prevented,  but  even  with  such  devices  it  is  sometimes 
desirable  to  raise  the  temperature  of  the  gasoline  somewhat,  so  as 
to  increase  its  volatility. 

In  Table  XI  are  shown  average  fractional  distillates  for  gasoline 
and  kerosene,  and  the  temperatures  at  which  they  are  given  off. 
The  column  headed  “Tenths”  refers  to  tenths  by  volume  of  the  orig¬ 
inal  fuel  evaporated  between  the  temperature  limits  given  in  the 
next  column. 
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Air  which  at  ordinary  temperatures  has  passed  over  or  through 
the  ordinary  gasoline  of  commerce,  and  is  consequently  saturated 
with  the  vapor  of  the  gasoline — that  is,  contains  as  much  gasoline 
vapor  as  it  is  possible  for  it  to  carry— is  too  rich  in  fuel  to  be  explo¬ 
sive.  If  the  temperatures  are  low  or  the  gasoline  dense,  this  may 
not  be  the  case.  It  is  necessary,  with  such  rich  mixtures,  to  add 
more  air  to  the  carbureted  air  in  order  to  get  an  explosion  in  the 
cylinder ;  or,  at  any  rate,  even  if  an  explosion  is  possible,  in  order  to 
get  an  economical  performance  of  the  engine.  Such  admixture  of 
air  with  the  carbureted  air  may  take  place  either  at  the  cylinder  or 
in  the  carbureter  itself. 


CARBURETERS 

Types  for  Automobile  and  Motor=Boat  Work 
Classification.  The  carbureters  used  for  automobiles  or  motor 
boats  may  be  divided  into  three  classes,  according  to  the  method  by 

which  the  air  and  gasoline  are 


Fig.  15.  Surface  Carbureter 


brought  into  contact. 

Surface  Carbureters.  In  the 
surface  type  of  carbureter,  air  is 
made  to  pass  over  a  gasoline  sur¬ 
face,  or  an  extended  surface 
wetted  with  gasoline.  The  most 
simple  form  is  a  wick  or  flannel 
carbureter,  such  as  is  shown  in 
Fig.  15.  The  air,  entering  at  a, 
is  forced  by  the  sheet-metal  spiral 
c  c  to  pursue  a  spiral  path  till  it 
gets  to  the  center  of  the  car¬ 
bureter,  when  it  escapes  from  b. 
The  metal  spiral  has  flannel  on 
its  surface,  and  the  whole  vessel 
passing  through  the  carbureter, 


is  half-full  of  gasoline.  The  air, 
comes  in  contact  with  an  extended  gasoline  and  gasoline-wetted  sur¬ 
face,  and  is  thereby  saturated  with  vapor.  The  objections  to  this 
type  are:  (1)  selective  evaporation  and  (2)  cooling  of  the  mass  by 
the  vaporization. 

Bubbling  Carbureters.  In  the  bubbling  type  of  carbureter,  air  is 
made  to  pass  through  a  moderate  depth  of  gasoline,  and,  in  bubbling 
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through  it,  becomes  saturated.  The  same  objection  holds  as  with 
the  surface  carbureter.  Both  these  types  are  now  superseded 
by  the  third  type. 

Spray  Carbureters.  W  ith  the  spray  type  of  carbureter  the  amount 
of  gasoline  required  for  carbureting  during  one  admission  to  the  cylin¬ 
der  is  sprayed  into  the  entering  air,  being  thereby  partly  vaporized 
and  partly  atomized,  and  consequently  is  carried  into  the  cylinder 
partly  as  a  vapor,  partly  as  a  liquid.  In  consequence  of  its  separa¬ 
tion  from  the  main  body  of  the  gasoline,  there  is  no  cooling  action  on 
the  mass  of  the  gasoline  by  the  vaporization,  and  no  alteration  in  its 
composition  by  selective  evaporation.  If  heating  of  the  main  body 
of  the  gasoline  is  used,  it  is  in  order  to  increase  its  volatility  and  not 
to  make  up  for  cooling  by  vaporization. 

The  spraying  of  the  gasoline  must  occur  only  when  air  is  being 
drawn  into  the  cylinder;  consequently,  it  is  possible  and  usual  to 
make  the  spraying  result  from  the  action  of  the  suction  during  the 
admission  stroke. 

Schebler  Model  “D”  Carbureter.  In  the  most  common  forms 
of  carbureter  the  gasoline  is  kept  at  a  constant  level  by  means  of 
a  float.  In  Fig.  16  when  the  U-shaped  float  F — which  is  hinged  at 
J— falls,  it  lifts  the  needle  valve  H,  permitting  gasoline  to  enter  by 
gravity  from  the  reservoir,  through  G,  into  the  float  chamber  B. 
As  the  gasoline  rises  in  the  chamber,  it  lifts  the  cork  float  F  and 
closes  the  gasoline-admission  valve.  The  float  consequently  keeps 
the  gasoline  at  a  constant  level.  This  constant  level  is  a  little  below 
the  outlet  of  the  spraying  nozzle  D.  Air  enters  the  carbureter  on 
each  suction  stroke  of  the  engine;  and,  passing  through  the  mixing 
chamber  C  with  considerable  velocity,  creates  a  slight  vacuum 
there,  sufficient  to  suck  gasoline  up  through  the  spraying  nozzle  and 
to  cause  an  intimate  mixture  of  the  gasoline  with  the  air.  The 
amount  of  gasoline  admitted  is  controlled  by  the  needle  valve  E. 

Air  Supply  Adjustment.  This  carbureter  has  another  feature 
in  common  with  most  automobile  carbureters — namely,  a  device  for 
automatically  adjusting  the  opening  for  the  air  supply  as  the  engine . 
speed  changes.  The  compensating  air  valve  A  remains  in  the  posi¬ 
tion  shown  when  the  engine  is  going  at  its  lowest  speed.  As  the 
speed  increases,  the  velocity  of  the  air  through  the  carbureter  is 
greater,  and  consequently  the  vacuum  in  the  mixing  chamber  is 
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increased.  This  results  in  an  opening  of  the  valve  A  against  the 
resistance  of  the  spring  0,  to  an  extent  which  depends  on  the  engine 
speed.  At  the  same  time,  the  increased  vacuum  in  C  increases  the 
gasoline  flow  through  D.  The  increase  of  both  air  and  gasoline 
should  be  in  the  same  proportion  so  that,  when  once  adjusted  for  a 
good  mixture,  the  variation  in  speed  of  the  engine  should  not  alter 
that  mixture.  The  adjusting  screw  M  varies  the  tension  on  the 


Fig.  16.  Schebler  Carbureter,  Model  “D” 
Courtesy  of  Wheeler  and  Schebler,  Indianapolis,  Indiana 


spring  0,  and  by  this  means  the  amount  of  air  valve  A  opening  can 
be  regulated.  The  throttle  valve  K,  worked  by  the  lever  P,  controls 
the  amount  of  the  carbureted  air  going  to  the  engine.  The  flushing 
pin  or  tickler  V,  when  pushed  down,  keeps  the  float  depressed  and 
permits  gasoline  to  flow  through  D  into  the  mixing  chamber  C  before 
starting,  so  as  to  insure  the  admission  of  an  explosive  mixture  to  the 
cylinder  when  starting  up. 

This  type  of  carbureter  is  used  on  constant-speed  engines,  such 
as  two-cycle  marine  engines,  single-  and  two-cylinder,  two-  and 
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four-cycle  farm  engines,  where  extremely  low  throttling  is  not 
required. 

Schebler  Model  “L”  Carbureter.  The  Schebler  carbureter 
shown  in  Fig.  1  /  is  used  for  automobile  and  other  engines  where  low 
throttling  and  extremely  variable  speeds  are  required.  In  this  car¬ 
bureter  independent  adjustments  of  the  gasoline  feed  for  the  idling, 
the  half-open,  and  the  full-open  positions  of  the  throttle  are  pro¬ 
vided.  The  air  passage  K  is  in  the  form  of  a  Venturi  nozzle  with 
the  gasoline  nozzle  L  located  at  the  throat,  thus  insuring  maximum 


Fig.  17.  Schebler  Carbureter,  Model  “L” 

•  Courtesy  of  Wheeler  and  Schebler,  Indianapolis ,  Indiana 


velocity  of  the  air  and  thorough  carburetion.  For  automobile 
engines,  the  auxiliary  air  valve  I  can  be  provided  with  a  dash  con¬ 
trol,  so  that  the  amount  of  auxiliary  air  can  be  regulated  from  the 
seat  to  facilitate  starting  and  to  adjust  for  atmospheric  changes. 
The  auxiliary  air  valve  7,  the  gasoline  needle  valve  B,  and  throttle 
lever  screw  F  are  adjusted  at  low  speed,  as  in  the  case  of  Model 
“D”.  The  dials  and  screws  D  and  E  give  the  intermediate  and 
high-speed  adjustments  by  raising  or  lowering  the  height  of  the 
spring  track  G  at  the  corresponding  throttle-opening  positions. 
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The  needle  valve  B  is  thus  raised  more  or  less  by  its  roller  H,  which 
climbs  the  spring  cam  track  G  as  the  throttle  is  opened. 

Schebler  Model  “R”  Carbureter.  The  carbureter,  shown  in 
Fig.  18  is  designed  with  an  adjustment  for  low  speed.  As  the  speed 
of  the  motor  increases,  the  auxiliary  air  valve  opens  and  raises  the 
gasoline  needle,  thus  automatically  increasing  the  amount  of  fuel. 
This  carbureter  has  two  adjustments — the  low-speed  needle  adjust¬ 
ment,  which  is  made  by  turning  the  air-valve  cap  A,  and  an  adjust¬ 
ment  on  the  air-valve  spring  for  changing  its  tension  by  means  of 

the  screw  F.  In  this 


Fig.  18.  Schebler  Carbureter,  Model  “R” 
Courtesy  of  Wheeler  and  Schebler,  Indianapolis,  Indiana 


carbureter,  as  in  the  pre¬ 
vious  type,  the  gasoline 
nozzle  is  located  at  the 
throat  of  aVenturi  nozzle. 

Holley  Model  “H” 
Carbureter.  The  Hol¬ 
ley  carbureter,  Fig.  19, 
has  some  special  fea¬ 
tures.  In  this  carbureter 
the  fuel  enters  the  float 
chamber  through  a 
strainer  disk  A  and  a 
float  valve  B,  under  the 
action  of  the  cork  float 
C.  It  passes  from  the 
float  chamber  D  into  the 
nozzle  well  E  through  a 
passage  F .  It  then  enters 


the  nozzle  G  through  the  hole  H,  and  rises  past  the  needle  valve  7,  to 
a  level  which  just  submerges  the  lower  end  of  a  small  tube  J,  which 
has  its  outlet  at  the  edge  of  the  throttle  disk. 

Throttling  Device.  Cranking  the  engine,  with  the  throttle  kept 
nearly  closed,  causes  a  flow  of  air  through  the  tube  J  and  its  throt¬ 
tling  plug  K .  But,  as  the  lower  end  of  this  tube  is  submerged  in. fuel 
with  the  engine  at  rest,  the  act  of  cranking  primes  the  motor.  With 
the  motor  turning  over  under  its  own  power,  flow  through  the  tube 
J  takes  place  at  high  velocity,  thus  causing  the  fuel  entering  the  tube 
with  the  air  to  be  thoroughly  atomized  upon  its  exit  from  the  small 
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opening  at  the  throttle  edge.  This  tube  is  called  the  “low-speed 
tube”  because,  for  starting  and  for  idle  running,  all  of  the  fuel  and 
most  of  the  air  in  the  working 
mixture  are  taken  through  it. 

As  the  throttle  opening  is 
increased,  a  considerable  volume 
of  air  moves  through  the  passage 
bounded  by  the  conical  w^alls  L 
of  the  so-called  strangling  tube. 

In  its  passage  into  the  stran¬ 
gling  tube,  the  air  assumes  an 
annular,  converging-stream  form, 
and  attains  its  highest  velocity 
in  the  immediate  neighborhood 
of  the  upper  end  of  the  stand¬ 
pipe  My  set  on  to  the  body  of 
the  nozzle  piece  G.  The  pressure 
in  the  air  stream  is  consequently 
lowest  at  the  same  point,  and 
there  is  a  pressure  difference  be¬ 
tween  the  top  and  bottom  open¬ 
ings  of  the  pipe  M,  causing 
air  to  flow  through  it  from 
bottom  to  top. 

With  very  small  throt¬ 
tle  opening,  the  action 
through  the  standpipe  (air 
passing  downward  through 
the  series  of  openings  N  in 
the  standpipe  supporting 
bridge)  keeps  the  nozzle  cup 
cleaned  out,  the  fuel  passing 
directly  from  the  needle 
opening  into  the  entrance 

of  the  Standpipe.  Fig.  20.  Holley  Carbureter,  Model  “G” 

Holley  Model  UG”  Car=  Courtesy  0 f  Holley  Brothers  Company,  Detroit,  Michigan 

bureter.  The  mode  of  operation  of  the  carbureter  shown  in  Fig.  20  is 
identical  with  that  of  Fig.  19.  Its  chief  differences  are  structural  ones. 


Fig.  19.  Holley  Carbureter,  Model  “Hr 
Courtesy  of  Holley  Brothers  Company, 
Detroit,  Michigan 
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From  the  float  chamber  the  gasoline  passes  through  the  ports  • 
E  to  the  nozzle  orifice,  which  is  controlled  by  the  end  of  the  needle  F. 

The  float  level  is  so  set  that  the  gasoline  lme  rises  past  the 
needle  valve  F  and  sufficiently  fills  the  cup  G  to  submerge  the  lower 
end  of  the  small  tube  II.  Drilled  passages  in  the  casting  connect 
the  upper  end  of  this  tube  with  an  outlet  at  the  edge  of  the  throttle 
disk. 

Fuel  issuing  past  the  needle  valve  F  is  immediately  picked  up 
by  the  main  air  stream  at  the  point  of  the  latter’s  highest  velocity, 

giving  thorough  atomiza¬ 
tion  of  the  fuel. 

The  lever  L  operates 
the  throttle  in  the  mixture 
outlet,  and  a  larger  disk, 
with  its  lever  S,  is  a  spring- 
returned  strangler  valve  in 
the  air  intake,  for  facili¬ 
tating  starting  in  extreme¬ 
ly  cold  weather. 

Kingston  Floating* 
Ball  Carbureter.  The  car¬ 
bureter  shown  in  Fig.  21 
differs  from  that  of  Fig.  19, 
in  that  the  fuel  nozzle  J 
forms  a  cup,  from  which 
the  fuel  is  picked  up  as 
the  air  passes  around  the 
nozzle  on  its  way  through  the  Venturi  tube,  and  while  the  air  has 
its  greatest  velocity.  Another  point  of  difference  is  that  auxiliary 
air  is  admitted  to  the  carbureted  air  through  ports  in  the  mixing 
chamber,  which  are  covered  by  the  bronze  balls  L,  and  which  are 
opened  by  the  suction  of  the  engine  in  correct  proportion  as  the 
engine  speed  varies,  floating  at  high  speeds. 

Kingston  Model  “Y”  Carbureter.  In  the  carbureter  of  Fig.  22 
the  gasoline  is  evaporated  by  causing  the  air  stream  to  impinge 
sharply  on  a  well  of  fuel,  the  proportions  of  the  mixture  being  gov¬ 
erned  automatically  by  causing  the  volume  of  fuel  in  this  well  to 
increase  or  diminish  as  the  velocity  of  the  air  stream  is  less  or  greater. 


Fig.  21.  Kingston  Carbureter,  Floating-Ball  Type 
Courtesy  of  Byrne,  Kingston,  and  Company, 
Kokomo,  Indiana 
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Air  enters  at  the  choke  throttle  and  passes  down  and  up  through  the 
U-shaped  mixing  tube.  Gasoline  enters  from  the  float  chamber 
through  an  orifice  in  the  bottom  of  the  well  controlled  by  the  adjust¬ 
able  needle  valve.  The  normal  gasoline  level  is  slightly  below  the 


Fig.  22.  Kingston  Carbureter,  Model  “Y” 

Courtesy  of  Byrne ,  Kingston,  and  Company,  Kokomo,  Indiana 


top  of  this  well.  At  this  point  the  air  passage  is  constricted,  thereby 
increasing  the  velocity  of  the  stream.  As  the  motor  speed  increases, 
the  volume  of  fuel  in  the  well  is  gradually  diminished,  thus  prevent¬ 
ing  the  formation  of  an  over-rich  mixture.  At  the  highest  speeds 
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the  well  is  wiped  completely  dry,  and  an  ordinary  spray  takes  its 
place.  Some  of  the  air  admitted  at  the  air  inlet  does  not  pass  over 
the  well,  but  is  by-passed  through  ports — covered  by  bronze  balls 
as  in  the  previous  carbureter — into  the  carbureted  air.  To  start, 
the  choke  throttle  is  closed,  and  the  increased  suction  lifts  the  gaso¬ 
line  out  of  the  well,  thus  priming  the  engine. 

Stromberg  Carbureters.  The  carbureters  shown  in  Figs.  23,  24, 
and  25  differ  little  in  general  details  from  those  already  described, 


the  chief  difference  being  that,  instead  of  a  needle-valve-controlled 
spray  nozzle,  they  are  equipped  with  a  nozzle  of  fixed  opening,  • 
and  the  feed  can  be  adjusted  only  by  removing  the  nozzle  and 
substituting  another  with  a  different  opening.  The  opening  of  the 
auxiliary  air  valve  E  is  resisted  by  two  springs.  One  of  these,  G, 
is  not  in  tension  when  the  valve  is  closed — in  fact,  there  must  always 
be  at  least  ^  inch  between  the  spring  and  the  spring  washer  while 
the  engine  is  running  light.  Only  a  single  spring,  therefore,  is 
operating  during  the  first  part  of  the  opening  of  the  valve  while  the 
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Fig.  24.  Stromberg  Carbureter,  Type  “D” 
Courtesy  of  Stromberg  Motor  Devices  Company,  Chicago 


Fig.  25.  Stromberg  Carbureter,  Type  “G” 
Courtesy  of  Stromberg  Motor  Devices  Company,  Chicago 
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engine  is  running  at  low  speed  and  the  suction  is  low.  When  the 
engine  speeds  up,  however,  the  suction  is  increased,  the  valve  open¬ 
ing  is  increased,  and  the  second  spring  comes  into  action  and  resists 
the  further  opening  of  the  valve.  By  adjusting  the  tension  on  these 
springs  the  carbureters  will  operate  equally  well  throughout  the 
range  of  speed  of  the  engine.  In  the  carbureter  of  Fig.  24,  the 
Venturi  tube  is  jacketed  by  the  hot  water  from  the  engine  jackets 
to  assist  in  the  vaporization.  Fig.  23  shows  a  single-nozzle  car¬ 
bureter,  while  the  carbureters  of  Figs.  24  and  25  have  double  jets. 
The  primary  nozzle  is  the  same  as  in  Fig.  23,  while  the  auxiliary 
nozzle  is  located  between  the  auxiliary  air  valve  and  the  mixing 
chamber.  In  Fig.  24,  the  flow  from  the  auxiliary  nozzle  is  regu¬ 
lated  by  a  needle  valve,  the  amount  of  opening  being  determined 
by  the  amount  of  opening  of  the  auxiliary  air  valve.  In  Fig.  25  the 
nozzle  is  a  plain  spray  nozzle  with  a  fixed  opening,  which,  as  the  feed 
is  regulated  by  the  suction,  must  be  changed  to  adjust  the  auxiliary 
feed. 

Types  for  Slow=Speed  Stationary  Engines 


General  Characteristics.  The  carbureters  generally  used  in  the 

relatively  large  and  slow-speed 
stationary  engines  are  quite 


Fig.  26.  Nash  Carbureter 

Courtesy  of  National  Meter  Company,  New  York  City 


different  from  those  practically 
in  universal  use  in  small  high¬ 
speed  automobile  and  motor- 
boat  engines.  In  the  latter  case, 
compactness,  simplicity,  and 
the  absence  of  a  gasoline  pump 
(an  appliance  not  easy  to  keep 
tight)  are  secured.  The  same 
type  of  carbureter,  however,  is 
not  well  adapted  to  the  sta¬ 
tionary  engine,  where  larger 
volumes  of  carbureted  air  are 
required  at  longer  intervals 
instead  of  small  volumes  at 
short  intervals. 


Nash  Carbureter.  The  carbureter  shown  in  Fig.  26  is  a  simple 
rigid  cast-iron  device,  cylindrical  in  form,  with  a  water  jacket.  The 
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gasoline  is  pumped  to  the  top  of  the  carbureter,  falls  over  baffle 
plates,  and  is  partly  vaporized.  Air  drawn  through  the  car- 


Fig.  27.  Details  of  Fuel  Injector,  Charter  Gasoline  Engine 
Courtesy  of  Charter  Gas  Engine  Company,  Sterling,  Illinois 


bureter  by  the  suction  in  the  cylinder  meets  gasoline  vapor  and  is 
saturated  by  it.  The  carbureted  air  goes  from  the  top  of  the  car¬ 
bureter  to  the  engine,  while  any  unvaporized  gasoline  drains  to 


Fig.  28.  Arrangement  of  Fuel  Tank  and  Connections,  Charter  Gasoline  Engine 
Courtesy  of  Charter  Gas  Engine  Company,  Sterling,  Illinois 

the  suction  side  of  the  gasoline  pump  and  is  returned  later  to  the 
carbureter.  The  water  jacket  has  circulating  through  it  some  of 
the  heated  jacket-water  from  the  cylinder. 
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The  spray  method  of  carbureting  air  is  sometimes  used  in 
stationary  engines,  although  the  carbureter  itself  is  usually  of  a  some¬ 
what  different  type  from  the  Schebler,  Holley,  Kingston  and  others 
which  have  been  already  described  in  detail  on  pages  65  to 
74.  A  typical  arrangement  is  illustrated 
in  Figs.  27  and  28,  which  show  the  whole 
arrangement  of  a  gasoline  plant  and  details 
of  the  fuel  injector.  The  gasoline  tank  is 
buried  below  the  floor  level  and  outside  the 
buildirg,  in  order  to  reduce  the  danger  in 
case  of  fire  or  explosion,  and  also  to  prevent 
the  leakage  of  gasoline  from  the  pipes  when 
the  engine  is  not  running.  The  gasoline  is 
taken  through  a  strainer  near  the  bottom 
of  the  tank  and  through  the  suction  pipe 
by  the  action  of  a  gasoline  pump,  which  is. 
worked  from  the  camshaft.  It  is  then 
forced  through  the  control  valve  A,  and  is  sprayed  into  the  air  pipe 
B  through  the  jet  C  whenever  the  fuel-admission  valve  D  opens. 
A  vertical  branch  of  the  discharge  pipe  from  the  gasoline  pump  has 
an  overflow  connecting  with  the  tank.  The  pump  always  delivers 

more  gasoline  than  is  re- 


Fig.  29.  Fuel  Reservoir  for 
Fairbanks-Morse  Type 
“T”  Vertical  Engine 
Courtesy  of  Fairbanks,  Morse 
and  Company,  Chicago 


quired,  the  excess  being 
returned  to  the  tank 
through  the  overflow 
pipe.  This  maintains  a 
constant  pressure  of  the 
gasoline,  depending  only 
on  the  constant  overflow 
level.  With  a  given  open¬ 
ing  of  the  control  valve  A, 
and  a  constant  head  on 
the  gasoline,  the  amount 
of  gasoline  admitted  each 
time  remains  constant. 
Fairbanks=Morse  Model  “T”  Carbureter.  Another  carbureter, 
or  vaporizer,  which  is  used  on  stationary  and  portable  farm  engines, 
is  shown  in  Figs.  29  and  30.  The  fuel — kerosene,  gasoline,  naph- 


Fig.  30.  Sections  of  Combined  Fuel  Reservoir  on  Fair¬ 
banks-Morse  Type  “T”  Engine,  Showing  Compart¬ 
ments  for  Gasoline  (with  Check  Valve)  and  Kerosene 
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tha,  or  benzine — is  supplied  to  the  reservoir  by  a  pump,  driven  from 
the  camshaft  of  the  engine,  and  is  maintained  at  a  constant  level 
in  this  reservoir  by  means  of  an  overflow  weir,  whose  discharge  is 
piped  to  the  fuel  tank.  The  fuel  nozzle  leading  from  the  reservoir 
to  the  air-inlet  pipe,  is  above 
the  level  of  the  fuel  in  the  reser¬ 
voir,  so  that  the  feeding  is 
accomplished  by  the  suction  of 
the  engine,  and  there  is  no  possi¬ 
bility  of  fuel  flowing  when  the 
engine  is  shut  down.  The  open¬ 
ing  of  the  nozzle  is  hand-regu¬ 
lated  by  a  needle  valve,  and  is 
also  governor-regulated  by  the 
mixture  valve  on  the  discharge  side  of  the  nozzle  to  keep  it  correct 
throughout  the  range  of  load. 

Great  care  must  be  taken,  by  the  use  of  suitable  strainers,  that 
no  solid  foreign  matter  gets  into  the  oil  supply  pipe ;  otherwise  there 
is  great  liability  to  obstruction  of  the  flow.  A  strainer  for  an  auto¬ 
mobile  engine  is  shown  in  Fig.  31.  Owing  to  its  more  rapid  explo¬ 
sion,  and  to  the  greater  richness  of  the  explosive  charge,  a  gasoline 
engine  will  develop  more  power  than  a  gas  engine  of  the  same  size, 
even  when  the  latter  uses  natural  gas. 


Fig.  31.  Gasoline  Strainer 


VAPORIZERS 

Type  for. Denatured  Alcohol 

Volatility  and  Fuel  Value  of  Denatured  Alcohol.  The  carbu¬ 
reters  described  in  the  preceding  pages  can  be  used  only  for  the  more 
volatile  liquid  fuels — liquid  fuels  with  a  low  boiling  point — such  as 
gasoline,  naphtha,  benzine,  etc.  The  less  volatile  liquid  fuels — 
liquid  fuels  with  a  high  boiling  point — must  be  vaporized  at  a  higher 
temperature  by  the  addition  of  heat  before  or  during  their  mixture 
with  air.  Denatured  alcohol  is  intermediate  between  gasoline  and 
kerosene  in  its  volatility.  The  amount  of  vapor  which  it  gives  off 
to  air  that  passes  over  it  will  generally  be  sufficient  to  give  an  explo¬ 
sive  mixture  if  the  temperatures  of  the  air  and  alcohol  are  above 
70°  F.  With  an  ordinary  spray  carbureter,  a  considerable  excess  of 
alcohol  may  be  sent  to  the  cylinder,  as  such  carbureters  act  also  as 
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atomizers.  If  alcohol  is  supplied  in  considerable  excess,  there  may 
still  be  good  explosions,  as  the  range  of  explosibility  is  very  great. 
Most  of  the  ordinary  gasoline  spray  carbureters  can  be  used  for 
alcohol  if  the  spray  orifices  are  enlarged.  The  weight  and  volume 
of  denatured  alcohol  required  to  develop  a  given  power  in  an  engine, 
is  considerably  greater  than  the  amount  of  gasoline  for  the  same 
power;  and  therefore,  if  a  gasoline  engine  is  to  be  used  with  alcohol, 
the  orifices  in  the  carbureter  or  other  spraying  devices  have  to  be 
enlarged  so  as  to  admit  a  greater  volume  of  the  liquid.  Wood 
alcohol  cannot  be  used  by  itself  in  a  gas  engine,  as-  it  corrodes  the 
cylinder. 

Special  Alcohol  Vaporizer.  A  special  vaporizer  for  alcohol  is 
shown  in  Fig.  32.  The  hot  exhaust  gases  enter  at  the  bottom,  and 
a  certain  proportion  of  them,  as  deter- 
mined  by  the  regulating  valve,  rise  to  the 
top  of  the  internal  pipe,  and  then  descend 
between  that  pipe  and  the  helical  cast- 
iron  vaporizer.  The  alcohol  is  admitted 
near  the  bottom  on  the  outside  of  the 
helix  and,  being  vaporized  by  the  heat, 
flows  upward  around  the  helix,  escaping 
to  the  motor  at  the  top  in  a  highly  super¬ 
heated  state.  The  superheating  prevents 
any  condensation  of  the  alcohol  between 
the  vaporizer  and  the  cylinder.  Air 
enters  with  the  alcohol  vapor  as  indi¬ 
cated.  This  vaporizer  is  of  the  boiling 
type,  the  rate  of  boiling  being  determined 
by  the  volume  of  the  exhaust  gases  ad¬ 
mitted  to  the  helix. 

Recent  tests  have  demonstrated  that  any  gasoline  or  kerosene 
engine  can  operate  with  alcohol  without  any  structural  changes,  and 
that  about  1.8  times  as  much  alcohol  as  gasoline  is  required  to 
develop  the  same  power.  Alcohol  can  be  used  with  greater  com¬ 
pression,  as  there  is  little  danger  of  pre-ignition  through  too  much 
compression,  on  account  of  its  comparatively  high  ignition  tempera¬ 
ture,  and  also  because  it  is  always  mixed  with  some  water.  An 
alcohol  engine  can  be  made  to  give  somewhat  higher  power  than  a 
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gasoline  engine  of  the  same  size.  It  is  not  so  sensitive  to  maladjust¬ 
ment  of  the  explosive  mixture;  that  is,  it  will  work  with  a  great 
range  of  strength  of  mixture,  and  it  does  not  accumulate  a  deposit  of 
carbon  inside  the  engine.  A  small  engine  of  good  design  should  use 
about  1.15  pounds  of  alcohol  per  brake  horsepower  per  hour;  of 
gasoline,  0.7  pound. 

Types  for  Kerosene  and  Heavier  Fuels 

General  Method  of  Vaporization.  There  are  two  ways  of  pre¬ 
paring  heavier  oils,  such  as  kerosene,  crude  oil,  or  fuel  oil,  for  com¬ 
bustion  in  an  engine:  (1)  by  preliminary  vaporization;  (2)  by  spray¬ 
ing  the  liquid  in  an.  atomized  condition  into  a  cylinder  containing 
compressed  air  in  a  high  state  of  compression  and  at  a  high  tempera¬ 
ture,  as  in  the  Diesel  engine.  If  a  vaporizer  is  used,  it  is  heated  either 
by  exhaust  gases  on  the  outside,  or  by  the  explosion  taking  place 
within  it.  It  requires  always  a  preliminary  heating  before  the 
engine  can  be  started — unless  the  engine  is  started  with  gasoline — 
and  consequently  is  not  so  quickly  put  in  action  as  a  gasoline  engine. 
The  vaporization  of  the  heavier  oil  differs  from  that  of  gasoline  in 
that  it  is  not  necessarily  a  process  of  carburetion.  It  is  often  a 
process  of  boiling,  the  mixing  with  the  air  required  for  combustion 
being  subsequent  to  the  vaporization.  In  other  vaporizers  the  oil 
is  dropped  upon  a  hot  plate  at  the  desired  rate,  and  its  vapor  is  carried 
off  by  a  current  of  air  passing  over  the  plate  on  its  way  to  the  engine. 

The  principal  difficulty  with  all  the  vaporizers  of  the  hot-plate 
type  is  in  keeping  the  temperature  of  the  plate  within  the  proper 
limits.  If  the  plate  is  too  hot,  the  oil  decomposes  and  leaves 
a  deposit  of  carbon;  if  it  is  not  hot  enough,  the  vaporization  is 
incomplete. 

Vaporizers  may  be  classified  as  external  and  internal,  accord¬ 
ing  as  the  vaporization  occurs  outside  the  engine  proper  or  inside 
some  part  of  the  combustion  space. 

External  Vaporizers.  Kerosene  is  sometimes  broken  up  into 
a  fine  spray  by  a  current  of  air,  wTich  may  be  heated  by  the  hot 
exhaust  gases  before  being  carbureted,  and  is  then  sent  to  a  vaporizer 
before  being  admitted  to  the  cylinder.  In  the  vaporizer  the  car¬ 
bureted  air  is  raised  to  a  high  temperature,  the  heat  of  the  exhaust 
gases  being  utilized  for  this  purpose,  and  the  kerosene  is  converted 
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into  a  vapor.  Unless  the  kerosene  is  completely  vaporized  before 
admission  to  the  cylinder,  it  is  difficult  to  insure  its  complete  com¬ 
bustion.  Some  of  the  liquid  kerosene  in  the  cylinder  may  decompose 
or  break  up  into  its  elements  as  a  result  of  the  very  high  temperature 


Fig.  33.  Details  of  Vaporizer  of  Charter  Oil  Engine 
Courtesy  of  Charter  Gas  Engine  Company,  Sterling,  Illinois 


to  which  it  is  subjected,  and  carbon  will  then  deposit  itself  on  the 
piston  and  the  walls  of  the  clearance  space  as  a  hard  coating. 

Charter  Type  “R”  Vaporizer  for  Kerosene  and  Distillates.  In 
Fig.  33  a  device  for  the  vaporization  of  kerosene  and  distillates  is 
shown.  In  this  device  the  air  is  heated  by  being  drawn  through  a 
drum  surrounding  the  exhaust  manifold,  and  is  drawn  past  the 
vaporizer  nozzle.  The  fuel  in  the  reservoir  is  kept  at  a  constant 
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level,  which  is  lower  than  the  vaporizer  nozzle,  by  means  of  an 
overflow  weir,  so  that  the  spraying  is  accomplished  by  means  of  the 
suction  of  the  engine.  The  mixture  proportions  are  regulated  by  a 
hand-adjusted  valve — seating  against  the  end  of  the  spray  hole — 
the  flat  end  of  which,  it  is  claimed,  aids  in  breaking  up  the  fuel  into 
fine  particles.  Immediately  above  the  inlet  valve  is  located  a  nozzle 
for  the  injection  of  hot  water  from  the  engine  jacket  into  the 
mixture,  the  amount  of  water  injection  being  regulated  by  a  hand- 
operated  valve.  This  water  injection  reduces  the  amount  of  carbon 
deposits  in  the  engine  and  permits  of  a  higher  compression  being 
used  without  pre-ignition. 

Unless  the  vaporization  is  perfect  before  the  combustion  starts, 
the  unvaporized  portion  of  the  oil  is  broken  down  by  the  heat  and 
deposits  carbon  in  the  engine.  In  vaporizing,  the  heat  should  always 


be  high  enough  to  vaporize  all  the  oil,  but  never  high  enough  to 
decompose  it.  If  steam  or  water  vapor  is  present  during  the  com¬ 
bustion  the  heat  may  be  kept  low  enough  to  prevent  the  decomposi¬ 
tion  of  the  oil,  due  to  the  heat  absorbed  by  the  superheating  and 
dissociation  of  the  water  vapor  into  its  elements,  hydrogen  and 
oxygen.  These  elements  combine  again  when  the  temperature  has 
fallen  sufficiently  during  expansion  to  permit  of  it  and  give  back  the 
heat  absorbed. 

Vaporizers  for  Crude  Oil.  Another  example  of  the  external 
vaporizer  is  shown  in  Fig.  34,  as  used  for  California  crude  oil.  The 
hot  exhaust  gases  circulate  outside  the  inclined  vaporizer;  crude  oil 
is  admitted  at  the  lower  end,  and  the  vapor  is  taken  away  from  the 
same  end.  A  revolving  cleaner  permits  the  removal,  during  opera¬ 
tion,  of  the  accumulated  deposit. 

In  another  vaporizer,  Fig.  35,  the  exhaust  from  the  engine 
entering  at  A  heats  up  a  stationary  drum  and  goes  off  through  a 
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pipe  B.  The  oil  to  be  vaporized  is  fed  from  a  pipe  F  into  the  chan¬ 
nels  or  buckets  of  the  rotating  generating  drum  C.  This  drum  is 
driven  by  the  engine  at  a  speed  of  about  one-half  revolution  per 

minute.  . 

The  drum  C  is  heated  by  radiation  from  the  stationary  drum 

and  rotates  so  as  to  carry  the  fresh  oil  on  to  and  over  the  top  of  the 
drum,  where  the  more  volatile  parts  are  driven  off.  The  vapors 
pass  around  the  central  exhaust  pipe  B,  and  are  superheated  by  it 
on  their  way  to  the  engine  through  the  pipe  D.  The  air  required 
for  combustion  enters  at  E,  and  is  heated  and  mixed  with  the  vapors. 
The  unvaporized  part  of  the  oil  drops,  as  the  drum  rotates,  into  the 


reservoir  at  the  base  of  the  vaporizer,  and  is  automatically  drained. 
With  this  kind  of  vaporizer  there  is  little  chance  of  decomposition 
of  the  oil  by  reason  of  high  temperatures;  on  the  other  hand,  a  con¬ 
siderable  proportion  of  a  crude  oil  will  go  off  unused. 

Internal  Vaporizers.  Fairbanks-Morse  Kerosene  Atomizer.  The 
internal  vaporizer  is  always  a  part  of  the  combustion  space  of  the 
engine.  The  device  shown  in  Fig.  36  is  a  kerosene  atomizer  used 
in  connection  with  two-cycle  marine  engines,  and  is  attached  to  the 
by-pass  leading  from  the  crankcase  to  the  inlet  port  of  the  cylinder. 
A  float  chamber  is  attached  to  the  by-pass  at  its  head,  with  a  nozzle 
tip  entering  the  by-pass  at  E.  The  by-pass  A  is  so  shaped  as  to  give 
the  effect  of  a  nozzle  with  its  smallest  area  at  B ,  so  that  the  velocity 
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of  the  air  passing  from  the  crankcase  to  the  combustion  chamber 
is  a  maximum  at  that  point.  This  increase  in  velocity  causes  a 
decrease  in  the  pressure  of  the  air  at  B 
as  compared  with  the  air  at  C.  This 
difference  in  pressure  is  used  for  inject¬ 
ing  the  fuel.  At  the  point  K  there  is  a 
passage  between  the  upper  part  of  the 
float  chamber  and  the  by-pass,  which 
serves  to  keep  the  air  pressure  in  the  float 
chamber  the  same  as  that  at  C.  When 
air  is  going  from  the  crankcase  to  the 
cylinder,  the  pressure  in  the  float  cham¬ 
ber  is  greater  than  at  B  and  is  sufficient 
to  force  a  jet  of  fuel  through  the  nozzle  E. 
rI  he  nozzle  is  placed  at  right  angles  to  the 
onrushing  air,  so  that  the  fuel  is  broken  up  or  atomized,  entering  the 
combustion  chamber  as  a  fine  spray.  The  mixture  strikes  a  hot  baffle 
on  the  piston  and  is  there  vaporized.  The  most  common  internal 


Fig.  36.  Section  of  Fairbanks- 
Morse  Kerosene  Atomizer 


vaporizer  is  that  shown  in  Fig.  37-a.  A  combustion  chamber  or  vapor¬ 
izer  is  attached  to  the  end  of  the  cylinder,  and  communicates  with  it 
through  a  narrow  neck.  The  outer  part  of  the  vaporizer  is  unjack¬ 
eted,  and  consequently  is  kept  at  a  good  red  heat  by  the  successive 
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explosions.  The  engine  follows  the  usual  four-stroke  cycle.  Dur¬ 
ing  the  admission  stroke,  air  alone  is  admitted  to  the  cylinder,  while 
oil  is  injected  into  the  vaporizer  and  is  vaporized  there.  During  the 
return  stroke,  the  air  is  compressed  into  the  vaporizer,  mixes  with 
the  oil  vapor,  and  forms  an  explosive  mixture  which  is  ignited  by 
the  combined  effect  of  the  heat  due  to  compression  and  the  hot 
walls  of  the  combustion  chamber.  The  proportions  of  the  com¬ 
bustion  chamber  are  designed  so  that  the  explosion  does  not  occur 
until  near  the  end  of  the  compression  stroke.  The  fuel  supply  is 
regulated  by  the  governor,  which  controls  a  by-pass  permitting  par 
of  the  discharge  from  the  pump  to  return  to  the  suction  side.  Before 
starting  the  engine,  the  combustion  chamber  must  be  raised  to  a 
bright  red  heat  by  an  external  heater;  but,  after  starting,  it  is  main¬ 
tained  in  that  condition  by  the  explosions.  The  engine  is  of  grea 
simplicity,  since  it  dispenses  with  both  igniter  and  mixing  valve. 
The  combustion  chamber  becomes  coated  with  a  deposit  of  carbon, 
resulting  from  the  break-up  of  the  oil  at  the  high  temperature. 

Vaporizer  for  Use  on  Regular  Gasoline  Engines*  An  arrange¬ 
ment  commonly  used  by  gasoline-engine  manufacturers  to  adapt 
their  engines  to  the  utilization  of  heavier  hydrocarbons  is  shown  in 
Fig.  37-b.  The  vaporizer  chamber  is  provided  with  a  jacket  space 
through  which  the  exhaust  gases  pass,  thus  heating  the  vaporizer 
externally.  A  cloud  of  fuel  vapor  is  produced  by  dropping  the 
liquid  fuel  on  the  heated  surfaces  of  the  baffle  plates  inside  tie 
vaporizer.  Free  air  enters  this  vaporizer  on  the  suction  stroke  of 
the  piston  and,  in  passing  over  the  baffle  plates,  becomes  heated  and 
at  the  same  time  absorbs  the  oil  vapors.  The  mixture  thus  formed 
and  pre-heated  then  enters  the  cylinder  and,  at  the  end  of  the  com- 
pression  stroke,  is  ignited  by  an  electric  igniter. 

In  Fig.  37-c  the  fuel  oil  is  mixed  with  and  broken  up  by  a  stream 
of  compressed  air  of  from  8  to  25  pounds  pressure  above  atmosphere, 
so  that  it  enters  the  vaporizer  chamber  in  the  form  of  finely  divide 
spray  and  is  immediately  vaporized  due  to  the  heat  applied 
externally  by  the  exhaust  gases.  The  bulk  of  air,  being  aspirated 
during  the  suction  stroke,  then  mixes  with  the  fuel  vapor  and  becomes 
pre-heated,  thus  forming  the  explosive  charge.  Compression  and 
ignition  are  the  same  as  in  F ig.  37-b. 

*H.  R.  Setz,  Journal  A.S.M.E.,  October,  1911. 
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Mietz  and  Weiss  Vaporizer.  Another  form  of  internal  vaporizer 
for  use  with  any  of  the  heavier  oils  is  shown  in  Fig.  38.  It  is  applied 
to  a  two-cycle  engine,  and  has  the  further  peculiarity  that  the  water 
in  the  jacket  is  permitted  to  boil,  the  steam  that  is  formed  being 
taken  in  with  the  charge.  The  oil  is  taken  from  the  reservoir  A 
and  pumped  through  the  pipe  B  on  to  the  projecting  lip  of  the  hot 
bulb  C  during  the  compression  stroke.  The  bulb  is  heated  to  a 


dull  red  heat  by  the  kerosene  burner  D  before  starting  up,  and  is 
maintained  at  that  temperature  by  the  explosions  when  the  engine 
is  running.  The  cylinder  head  is  not  jacketed.  The  amount  of  oil 
delivered  is  regulated  by  the  governor.  The  air  being  compressed 
enters  the  hot  bulb  C,  carrying  with  it  some  of  the  vapor  of  the  oil 
that  has  fallen  on  the  projecting  lip;  and  near  the  end  of  the  com¬ 
pression  stroke  the  pressure  and  temperature  conditions  in  the  vapor¬ 
izer  will  cause  ignition  and  explosion.  'The  presence  of  the  steam 
reduces  the  explosion  pressure  and  permits  a  higher  compression. 
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The  combustion  in  an  engine  of  this  kind  cannot  be  as  complete 
as  in  the  type  where  a  thorough  mixture  of  the  fuel  and  air  can  be 
brought  about.  Some  of  the  air  admitted  will  remain  inactive,  as 
it  does  not  get  near  the  oil.  Consequently  such  engines  are  compara¬ 
tively  large  for  the  power  they  develop. 

Drawbacks  in  Use  of  Vaporizers.  While  oil  engines  with 
internal  or  external  vaporizers  are  quite  simple  and  low  in  first  cost, 
their  method  of  vaporization  is  rather  crude  and  has  been  found  in 
actual  use  to  be  open  to  objections  which  are  the  cause  of  a  common 
prejudice  against  such  engines.  The  chief  drawback  to  all  these 
vaporizers  is  the  practical  impossibility  of  vaporizing  the  fuel  com¬ 
pletely  at  all  loads  and  under  all  conditions  and  of  maintaining 
the  chamber  at  a  temperature  which  is  always  sufficiently  high 
to  vaporize  all  of  the  oil,  but,  on  the  other  hand,  is  never  hot  enough 
to  decompose  it.  Moreover,  the  combustion  is  often  incomplete, 
and  the  efficiency  low.  This  manifests  itself  by  the  objectionable 
smoke  and  odor  of  the  exhaust  gases.  In  order  to  obtain  certainty 
of  ignition  in  engines  with  internal  vaporizers,  and  at  the  same 
time  prevent  pre-ignitions  at  different  loads,  the  temperature 
of  the  vaporizer  should  vary  with  the  load,  which  is  found  to  be  a 
practical  impossibility.  The  pre-heating  of  the  mixture,  as  required 
for  engines  with  external  vaporizers,  decreases  the  weight  of  the  air 
aspirated,  and  therefore  the  capacity  of  the  engine,  while  the  throt¬ 
tling  of  the  air  in  passing  through  the  vaporizer  chamber  and  pas¬ 
sages,  as  well  as  the  high  back  pressure  due  to  the  exhaust  gases  pass¬ 
ing  through  the  jacket  space  of  the  vaporizers,  decreases  the  power 
output  of  such  engines  still  more.  The  necessity  of  first  heating  the 
vaporizer' externally  by  means  of  a  lamp  before  the  engine  can  be 
started  is  rather  inconvenient,  as  it  takes  at  least  from  five  to  ten 
minutes.  The  fuel  consumption  of  these  engines  averages  about  1 
pound  of  oil  per  b.h.p.  hour,  corresponding  to  a  thermal  efficiency  of 
not  over  15  per  cent  and  never  exceeds  20  per  cent,  corresponding  to 
a  consumption  of  |  pound  per  b.h.p.  hour. 

atomizers* 

Diesel  Methods  Give  Improved  Vaporization.  The  Diesel-type 

engine  overcomes  practically  all  of  these  difficulties  in  the  use  of 

^Abstract  of  Article  by  H.  R.  Setz,  Journal  of  A.S.M.E.,  October,  1911. 
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liquid  fuel,  whether  heavy  or  light,  and  particularly  in  the  case  of 
the  heaviest  liquid  fuels.  In  this  type,  fuel  is  not  admitted  to  the 
combustion  space  until  the  charge,  which  consists  of  air  only,  is 
compressed  to  a  pressure  of  about  500  pounds,  with  a  resulting  tem¬ 
perature  which  is  sufficient  to  ignite  any  liquid  fuel  injected  into  it. 
Fuel  is  gradually  injected,  at  the  end  of  the  compression  stroke,  by 
means  of  a  cooled  air  blast  which  is  at  a  pressure  of  250  to  500 
pounds  above  compression  pressure  in  the  cylinder.  This  high- 
pressure  air  blast,  with  proper  form  of  the  atomizer  and  injection 
nozzle,  completely  atomizes  the  fuel  during  the  injection  period  and 
carries  its  small  particles  directly  into  the  highly  compressed  and  heated 
air  in  the  cylinder,  where  they  are  at  once  vaporized  and  ignited. 

.  The  heavier  the  fuel  used,  the  more  finely  must  it  be  atomized 
in  injecting  it  into  the  compressed  charge,  in  order  to  insure  com¬ 
plete  vaporization  and  ignition.  If  the  heavier  oils  are  injected  in 
large  particles,  only  the  surface  of  the  particle  will  be  burned,  while 
the  center  will  be  converted  by  the  heat  of  combustion  into  a  pitchy 
substance,  which  will  be  deposited  on  the  cylinder  walls  and  valves. 
Since,  with  a  properly  designed  atomizer,  the  oil  particles  are  com¬ 
pletely  burned  immediately  after  their  mixture  with  air,  there  is 
no  possibility  of  deposits  forming  on  the  cylinder  walls,  and  com¬ 
bustion  is  so  complete  that  the  exhaust  is  smokeless  and  without  odor. 

Efficiency.  Numerous  tests  of  different  sizes  of  this  type  of 
engine  show  an  average  fuel  consumption  of  less  than  J  pound  of 
oil  per  b.h.p.  hour,  corresponding  to  a  thermal  efficiency  of  about  30 
per  cent. 

Classification  of  Atomizers.  While  the  oil  is  in  all  cases 
atomized  by  the  action  of  the  injection  air  in  forcing  it  through  the 
injection  nozzle,  this  result  is  accomplished  in  two  different  kinds  of 
apparatus — the  closed  injection  nozzle  and  the  open  injection  nozzle. 
When  the  closed  injection  nozzle  is  used,  special  atomizers  or  dis¬ 
tributors  are  placed  in  front  of  it  in  order  to  distribute  the  oil  prop¬ 
erly  and  to  direct  the  injection  air  so  as  to  facilitate  complete  atom¬ 
ization.  In  the  open  injection  nozzle  no  special  atomizer  is  used, 
the  atomization  being  secured  entirely  by  means  of  the  action  of 
the  injection  air  on  the  oil  in  its  passage  through  the  nozzle.  The 
closed  injection  nozzle  was  the  type  used  on  the  original  Diesel 
engine,  and  is  the  type  almost  exclusively  used  in  this  country. 
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The  open  injection  nozzle  has  been  developed  in  Germany  during 
the  last  five  or  six  years,  especially  for  horizontal  engines. 

Closed  Injection  Nozzles.  Busch-Sulzer  Atomizer.  The  atom¬ 
izer  shown  in  sectional  view  in  Fig.  39  is  arranged  horizontally  on 
the  side  of  the  combustion  chamber.  Owing  to  this  horizontal  posi¬ 
tion,  particular  care  must  be  taken  to  distribute  the  oil  equally 
around  the  circumference  of  the  injection  valve,  otherwise  the  fuel 
oil  will  flow  to  the  lower  part  of  the  annular  space  adjoining  the 
atomizer  and,  when  the  injection  valve  opens,  the  injection  air  will 
rush  into  the  cylinder  through  the  upper  atomizer  openings,  which 
are  not  covered  by  the  oil.  This  condition  obtains  particularly  at 


Fig.  39.  Section  of  Atomizer  of  Busch-Sulzer  Brothers  Diesel  Engine 
Courtesy  of  American  Society  of  Mechanical  Engineers 


light  loads,  when  the  amount  of  oil  sent  to  the  atomizer  by  the  fuel 
pump  is  reduced.  This  condition  is  unfavorable  to  good  operating 
results  and  economy,  as  the  fuel  is  not  properly  atomized,  and  the 
combustion  may  be  checked  by  the  blast  of  relatively  cold  injection 
air,  which  is  unaccompanied  by  particles  of  fuel  oil. 

In  the  atomizer  of  Fig.  39,  oil  and  injection  air  come  together 
in  space  s,  the  oil  entering  along  passage  e,  and  annular  ring  space 
r,  through  a  ring  of  holes  h.  As  the  injection  valve  n  opens,  air 
and  oil,  divided  into  small  streams  by  a  circle  of  holes  p,  are  forced 
into  the  injection  nozzle  m,  where  these  streams  impinge  upon  each 
other,  atomizing  the  fuel. 
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Fulton-  Tosi  Atomizer.  The  atomizer  shown  in  Fig.  40  is  used 
on  one  of  the  newer  American  Diesel  engines,  and  is  also  typical  of 
those  used  on  European  engines.  A  series  of  plates  b,  arranged  just 
below  space  s  around  the  injection  valve  guide  g,  are  provided  with 
small  holes  in  such  a  way  that  they  straddle  each  other  from  plate 
to  plate.  These  plates  help  to  retain  the  oil  after  having  been 
deposited  in  space  s ,  while  the  holes  will  distribute  it  equally  and 
mechanically  divide  the 
blast  of  injection  air  into 
small  streams,  thus  disinte¬ 
grating  the  fuel  passing 
down  through  them.  By 
means  of  passages  p  ar¬ 
ranged  in  the  circumfer¬ 
ence  of  plug  Z,  these 
streams  are  directed  into 
the  injection  nozzle  m, 
where  they  acquire  their 
maximum  velocity.  The 
resistance  of  the  oil  against 
the  abrupt  acceleration 
thus  produced  causes  the 
•oil  to  be  disintegrated  into 
small  particles,  which  are 
carried  directly  into  the 
body  of  highly  heated  air 
in  the  combustion  cham¬ 
ber.  This  atomizer  is  gen¬ 
erally  placed  vertically  in 
the  center  of  the  cylin¬ 
der  head,  and  thus,  even  at  low  loads,  the  atomization  is  perfect. 

De  La  Vergne  Type  “F II”  Atomizer.  Fig.  41  shows  construc¬ 
tional  details  of  the  injection  valve  and  atomizer  used  on  a  hori¬ 
zontal  modified  Diesel  engine.  Oil  and  injection  air  come  together 
in  annular  space  s,  formed  between  the  injection  valve  guide  g  and 
cage  a.  As  the  injection  valve  n  opens,  oil  and  air  proceed  along 
the  outside  of  guide  g,  and  are  forced  to  pass  through  a  series  of  cham¬ 
bers  connected  by  a  system  of  fine  diagonal  channels  d,  on  the 


Fig.  40.  Atomizer  of  Fulton-Tosi  Diesel  Engine 
Courtesy  of  American  Society  of  Mechanical  Engineers 
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outside  of  g.  The  oil  is  thus  distributed  equally  around  the  circum¬ 
ference  of  needle- valve  guide  g  and  enters  injection  nozzle  m  in  a 
state  of  fine  subdivision,  and  then  is  blown  into  the  combustion 
chamber  and  hot  bulb. 

Atomizer  Adjustments  in  Closed  Injection  Nozzles.  In  the 
closed  injection  nozzle,  the  oil  can  be  deposited  in  the  atomizer  at 
any  part  of  the  cycle,  since  at  all  times  the  oil  must  be  forced  in 
against  the  pressure  of  the  injection  air.  In  practice,  the  oil  is  gen¬ 
erally  delivered  at  the  start  of  the  compression  stroke.  Since  the 
fuel  and  the  injection  air  come  into  contact  with  each  other  before 
the  actual  injection  period,  the  atomizer  cage,  as  well  as  the  injec¬ 
tion  air,  must  be  well  cooled  in  order  to  prevent  pre-ignitions  or  the 
formation  of  deposits  due  to  partial  vaporization  of  the  fuel.  The 


Fig.  41.  Type  “FH”  Atomizer  for  De  La  Vergne  Oil  Engine 
Courtesy  of  American  Society  of  Mechanical  Engineers 


cooling  of  the  cage  may  be  accomplished  either  by  water-jacketing 
the  cage  itself  or  by  locating  it  in  a  well-cooled  portion  of  the  cylin¬ 
der  or  cylinder-head  casting. 

The  points  of  opening  and  of  closing  the  injection  valve  remain 
unchanged  at  all  loads,  i.e.,  the  length  of  the  period  the  injection, 
valve  is  open  is  constant  unless  the  lift  can  be  varied  by  hand,  as  is 
the  case  in  some  engines.  Within  this  period  a  variable  quantity  of 
fuel,  according  to  the  load,  is  injected.  To  accomplish  this  most 
satisfactorily,  it  is  usual  to  increase  the  pressure  of  the  injection  air 
with  increasing  loads  on  the  engine,  i.e.,  with  increasing  amounts  of 
fuel  to  be  injected.  Diesel-engine  manufacturers  recommend  a 
pressure  increase  of  about  250  pounds  from  light  to  maximum  load. 
The  compression  in  the  engine  cylinder  is  constant  at  all  loads,  so 
that  the  resistance  to  injection  is  constant,  but  the  amount  of  fuel 
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TABLE  XII 

Variation  of  Injection  Air  Pressures  with  Varying  Loads  (H.  R.  Setz) 


Engine  Load,  b.h.p. 

Injection-Air 
Pressures,  lb. 

Injection-Air  Compressor 

i.h.p.  . 

Per  Cent  Engine  Load 

300 

950 

19.3 

6.4 

250 

865 

18.3 

7.4 

185 

830  * 

18.4 

10.0 

145 

790 

19.0 

12.8 

which  must  be  accelerated  and  atomized  by  the  injection  air  varies 
with  the  load.  If  the  injection-air  pressure  is  too  high  at  light 
loads,  the  relatively  cool  injection  air  may  chill  the  hot  compressed 
charge  before  any  of  the  oil  is  vaporized  and  ignited,  and  thus  lower 
the  temperature  of  the  charge  and  endanger  the  certainty  of  igni¬ 
tion,  sometimes  to  the  extent  of  a  complete  “miss”,  or  causing  incom¬ 
plete  combustion.  To  insure  certain  ignition,  oil  particles  must  be 
injected  with  the  first  particles  of  injection  air,  and  these  must  be 
vaporized  and  ignited  before  enough  cold  injection  air  enters  the 
combustion  chamber  to  cool  the  air  there  materially.  With  very 
heavy  oils,  such  as  coal-tar  oils,  ignition  may  be  insured  by  injecting 
first  a  very  small  charge  of  a  lighter  or  “ignition”  oil,  immediately 
followed  by  a  charge  of  the  heavier  oil.  The  variation  of  injection- 
air  pressures  with  varying  loads  on  a  4-cylinder  250-horsepower 
engine  is  given  in  Table  XII,  which  also  shows  the  indicated  com¬ 
pressor  work.  No  arrangements  have  so  far  been  made  on  station¬ 
ary  engines  to  vary  automatically  the  pressure  of  the  injection  air 
according  to  load  variations;  this  must  be  done  by  hand,  at  the 
judgment  of  the  engine  operator. 

Improved  Injection  Arrangement  on  Sabathe  Diesel  Engine.  In 
a  modification  of  the  Diesel  engine  recently  brought  out  in  France  and 
known  as  the  Sabathe  motor,  there  is  an  attempt  to  eliminate  the 
inconvenient  requirement  of  variable  injection-air  pressures  with 
varying  loads.  Its  fundamental  features  are  identical  with  those  of 
the  Diesel  engine,  with  the  exception  that  not  only  the  delivery  of 
oil,  but  also  the  lift  of  the  injection  valve  n,  are  varied  by  the  gover- 
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nor  according  to  the  load  on  the  engine.  Constructional  details  of 
the  injection  valve  and  nozzle  are  shown  in  Fig.  42.  In  addition  to 
the  injection  valve  n,  a  second  valve  v,  sliding  on  n  and  ordinarily 
held  down  on  its  seat  by  spring  l,  is  provided.  This  valve  v  is  lifted 
by  collar  r  on  the  injection  valve  stem  when  the  lift  of  the  latter  is 
sufficient.  On  light  loads  only  enough  oil  is  delivered  by  the  oil 


pump  to  fill  the  chamber  e  underneath  the  valve  v.  This  is  blown 
into  the  cylinders  when  the  needle  valve  n  lifts,  the  injection  air 
passing  down  groove  p  in  the  needle  valve  stem.  On  heavier  loads 
the  amount  of  fuel  delivered  by  the  pump  fills  the  chamber  e,  and 
overflows  into  space  s,  the  oil  contained  in  the  chamber  e  being 
injected  first  and  followed  by  that  contained  in  space  s.  The  pres¬ 
sure  of  the  injection  air  is  maintained  at  800  pounds. 

Open  Injection  Nozzle.  The  modified  Diesel,  or  “open”  injec¬ 
tion  nozzle,  was  developed  to  simplify  the  apparatus.  With  this 
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nozzle,  oil  is  delivered  to  the  space  s,  Fig.  43,  when  the  piston  begins 
its  compression  stroke,  i.e.,  when  the  pressure  in  the  engine  cylinder 
and  in  the  space  s  is  low.  The  oil  has  to  lie  in  space  s  throughout 
the  compression  stroke  in  contact  with  surfaces  and  air  which  attain 
high  temperatures.  This  may  result  in  partial  evaporation  of  the 
fuel  and  premature  ignition,  if  the  fuel  contains  components  of  low 
volatility,  and  also  in  the  formation  of  deposits. 

Construction  details  of  a  typical  injection  nozzle  and  air-admis¬ 
sion  valve  are  shown  in  Fig.  43.  No  atomizer  is  used,  the  oil  being 
blown  directly  from  the  space  s  through  the  injection  nozzle  m  into 


Fig.  43.  Typical  Open  Injection  Nozzle  and  Air  Valve 
Courtesy  of  American  Society  of  Mechanical  Engineers 


the  cylinder.  The  air-admission  valve  n  is  operated  by  a  push 
rod  r,  provided  with  a  valve  v  on  its  inner  end,  which  prevents  any 
leakage  along  the  rod  r,  except  during  the  very  short  interval  when 
the  air-admission  valve  is  open.  No  stuffing  box,  such  as  is  used  on 
the  injection  valves  n  of  the  original  Diesel  engine,  Figs.  39  and 
40,  is  necessary.  At  heavy  pressures,  the  valves  may  be  easily  pre¬ 
vented  from  closing  properly  by  excessive  tightening  of  the  glands, 
thus  causing  loss  of  injection  air  and  even  premature  ignitions. 

Air  of  approximately  the  same  pressure  as  injection  air  is  used 
for  starting  Diesel  engines.  The  injection  nozzle  and  the  starting 
device  are  combined  in  Fig.  43  in  a  compact  and  simple  arrangement. 
By  opening  the  by-pass  valve  y,  communication  to  the  cylinder  is 
established  through  the  passage  p,  as  well  as  through  the  open 
injection  nozzle  w,  and  enough  air  is  admitted  to  start  the  engine. 
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MODERN  INTERN  AL=COMBUSTION  ENGINES 


Classification.  Modern  internal-combustion  engines  may  be 
divided  broadly  into  three  general  classes:  the  Otto-cycle  gas 
engine;  the  low-pressure  oil  engine;  and  the  Diesel  or  constant- 
pressure  combustion  engine. 

Otto-Cycle  Gas  Engine.  The  Otto-cycle  gas  engine  is  further 
divided  into  three  general  classes: 

(1)  Moderate-Power  Stationary  Engines.  These  are  gas 
engines  for  stationary  purposes,  of  all  powers  up  to  about  200  horse¬ 
power  in  a  single  cylinder.  These  engines  are  characterized  by  longer 
strokes  and  moderate  speeds,  by  greater  weight,  and  by  the  use  of  a 
governor.  They  show  an  extraordinary  variety  in  form  and  arrange¬ 
ment,  although,  like  the  high-speed  engines,  they  are  practically 
always  single-acting.  They  are  also  made  to  use  any  of  the  liquid  or 
gaseous  fuels.  The  ignition  is  usually  by  electric  spark,  though 
rarely  of  the  jump-spark  type. 

(2)  Large  Gas  Engines.  This  class  includes  engines  developing 
250  horsepower  and  over  in  a  single  cylinder.  These  engines  are  the 
latest  developments  in  gas-engine  practice.  They  are  horizontal, 
double-acting,  and  have  water-cooled  pistons  and  rods.  They  use 
low-tension  electric  ignition.  The  fuel  most  commonly  used  in  them 
is  blast-furnace  gas,  though  producer  gas,  coke-oven  gas,  and  natural 
gas  are  sometimes  used. 

(3)  High-Speed  Engines.  These  are  employed  principally  in 
automobiles  and  motorboats,  developing  generally  not  more  than 
15  horsepower  in  a  single  cylinder.  They  are  usually  vertical  and 
multicylinder,  using  gasoline  as  fuel  and  having  jump-spark  ignition. 
This  highly  specialized  type  has  had  an  enormous  development  in 
the  past  few  years,  and  has  practically  reached  a  standard  form  and 
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proportions.  It  is  of  extreme  lightness  and  compactness,  runs  at  high 

speeds,  and  has  no  governor.  , 

The  term  “gas  engine”,  as  here  used,  does  not  necessarily  signify 
that  the  fuel  used  is  a  gas  in  its  original  form,  but  that  it  is  a  gas  when 
introduced  into  the  cylinder,  i.e.,  any  of  the  fuel  gases  or  the  vapor 
from  the  more  volatile  liquid  fuels — gasoline,  naphtha,  benzine,  or 
denatured  alcohol— which  have  been  vaporized  or  gasified  in  an 
apparatus  outside  of  the  engine  proper. 

Low-Pressure  Oil  Engine.  Low-pressure  oil  engines  may  be 
subdivided  in  the  same  manner  as  gas  engines.  In  this  class  are 
included  all  engines  burning  a  liquid  fuel  at  constant  volume  which 
do  not  fall  into  the  first  class.  Some  of  the  engines  designated  as 
low-pressure  oil  engines  might  be  regarded  as  gas  engines,  since  the 
fuel  is  treated  in  an  external  vaporizer;  but  the  vaporization  which 
takes  place  outside  the  cylinder  is  only  partial,  the  process  being 
completed  within  the  cylinder  itself. 

OTTO=CYCLE  GAS  ENGINES 
MODIFICATIONS  OF  OTTO  CYCLE 

Increasing  the  Compression.  As  the  efficiency* of  the  Otto 
cycle  has  been  shown  to  depend  on  the  amount  of  compression,  the 
obvious  way  of  increasing  the  efficiency  is  to  decrease  the  clearance 
and  thereby  raise  the  compression  pressure.  The  amount  of  com¬ 
pression  that  can  be  used  is  limited  in  two  ways.  The  first  is  that  it  is 
not  commercially  practicable  to  construct  engines  which  will  work 
properly  under  very  high  pressures  rapidly  imposed  by  explosion. 
With  an  engine  compressing  the  charge  to  100  pounds  pressure  and 
using  a  strong  explosive  mixture,  the  pressure  in  the  cylinder  rises 
suddenly  to  about  350  pounds;  and  at  present  this  is  about  the  practi¬ 
cable  limit.  If  the  explosive  mixture  is  weak,  the  compression  may 
be  increased.  A  compression  as  high  as  200  pounds  is  sometimes 
used  with  very  weak  mixtures  and  results  in  a  maximum  pressure  of 
about  300  pounds. 

The  second  objection  to  the  use  of  high  compression  is  that  the 
rise  in  the  temperature  of  the  mixture  resulting  from  the  compression 
may  easily  be  sufficient  to  explode  the  mixture  before  the  piston  has 
reached  the  end  of  its  stroke.  Such  pre-ignition  of  the  charge,  tend- 
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ing  to  force  the  piston  back,  gives  rise  to  a  great  shock,  which  is  very 
destructive  to  the  engine,  reduces  its  efficiency,  and  is  to  be  avoided. 

Pre-ignition  may  occur  even  when  low  compression  exists  if  any 
part  of  the  clearance  is  not  water-jacketed,  if  there  is  any  metallic 
projection  into  the  clearance  space,  or  if  there  is  a  gas  pocket. 
Unjacketed  parts  or  projections,  not  being  properly  cooled,  are  liable 
to  be  raised  to  a  temperature  high  enough  Ip  cause  the  ignition  of  the 
charge.  This  necessitates  water-jacketing  of  the  exhaust  valve  and  of 
the  piston  in  engines  of  large  size.  Gas  pockets,  especially  when  of 
considerable  length  and  small  diameter,  give  trouble  because  the 
combustion  in  them  is  slow  as  a  result  of  the  character  of  the  mixture 
they  contain.  The  burned  gases  with  which  such  a  pocket  is  filled  at 
the  beginning  of  the  compression  stroke  are  only  slightly  mixed  with 
the  fresh  charge.  During  compression,  the  fresh  charge  is  forced  into 
the  open  end  of  the  pocket;  but  there  is  still  no  satisfactory  mixture 
with  the  burned  gases.  When  explosion  takes  place  the  pocket  will 
contain  stratified  gases,  ranging  from  a  strong  mixture  at  the  open 
end  to  inert  burned  gases  at  the  other  end.  As  the  combustion 
progresses  from  the  open  end,  it  encounters  a  mixture  which  becomes 
continuously  weaker  and  slower  burning.  The  result  may  be  that 
the  combustion  is  still  going  on  in  the  pocket  after  the  admission  or1 
even  after  the  compression  of  the  next  cycle  has  started.  The  fresh 
mixture  may  meet  the  flame  and  be  ignited,  either  during  the  suction 
stroke,  when  it  causes  a  back-fire,  or  during  the  compression  stroke, 
when  it  causes  a  pre-ignition. 

Scavenging.  Another  method  of  increasing  the  efficiency  is  by 
what  is  known  as  “scavenging”  the  cylinder.  In  the  ordinary  Otto 
cycle  the  charge  compressed  consists  of  a  mixture  of  fresh  air  and  gas 
with  the  burned  gases  remaining  in  the  clearance  space  from  the 
previous  cycle.  If  these  burned  gases  are  expelled  from  the  cylinder 
by  a  charge  of  fresh  air  before  the  admission  of  the  explosive  charge, 
the  force  of  the  explosion  and  the  efficiency  are  increased.  The 
clearing  out  or  scavenging  of  the  cylinder  with  fresh  air  has  been 
accomplished  in  several  ways.  The  simplest  method  is  by  the  use 
of  an  exhaust  pipe  of  such  length  that  the  gases,  exhausting  from  the 
cylinder  with  great  velocity,  create  a  vacuum  in  the  cylinder  near  the 
end  of  the  exhaust  stroke.  This  vacuum  causes  the  automatic  air- 
admission  valve  to  open;  and  the  consequent  rush  of  air  from  the 


107 


98 


GAS  AND  OIL  ENGINES 


air  valve  to  the  exhaust  port  flushes  out  the  cylinder,  especially  if  the 
air  and  exhaust  valve  are  on  opposite  sides  of  the  clearance  space. 
It  is,  however,  impossible  to  predict  with  certainty  the  occurrence 
of  this  vacuum,  several  manufacturers  having  tried  without  success 
to  utilize  this  accidental  phenomenon.  Occasional  scavenging  is 
obtained  in  engines  governing  on  the  hit-and-miss  principle,  each  idle 
cycle  flushing  out  the  cylinder,  with  the  result  that  the  succeeding 
explosion  is  of  greater  force  than  the  normal  explosion.  Scavenging 
has  also  been  accomplished  by  the  injection  of  a  blast  of  high- 
pressure  scavenging  air  previous  to  the  opening  of  the  inlet  valve. 

Compounding.  It  has  been  pointed  out  already  that  the  pres¬ 
sure  is  high  at  the  end  of  the  expansion  in  the  Otto  cycle,  and  that  the 
efficiency  of  the  cycle  can  be  increased  considerably  if  the  gas  is 
expanded  more  completely.  Ordinary  steam-engine  practice  suggests 
that  the  more  complete  expansion  can  be  obtained  by  compounding; 
but  so  far  no  attempts  to  make  a  satisfactory  compound  gas  engine 
have  proved  successful.  The  practical  method  of  obtaining  more 
complete  expansion  is  to  take  into  the  cylinder  a  diminished  charge. 
The  two  methods  of  accomplishing  this  are  discussed  elsewhere.  The 
only  fundamental  difference  between  engines  using  these  two  methods 
is  that  in  one  case  the  governor  controls  the  amount  of  the  opening 
of  the  admission  valve,  and  in  the  other  determines  the  instant  at 
which  the  admission  valve  shall  close. 

Double=Acting.  One  of  the  main  objections  urged  against  the 
Otto  cycle  is  that  it  requires  two  revolutions  of  the  engine  for  its 
completion,  so  that  the  expansion  or  motive  stroke  comes  but  once 
in  four  strokes.  A  very  irregular  driving  effort  results  from  this, 
making  large  flywheels  necessary  if  the  main  shaft  is  to  rotate 
uniformly,  or  else  requiring  the  use  of  several  engines  working  on  the 
same  shaft.  The  motive  efforts  can  be  made  twice  as  frequently  if 
the  cylinder  is  double-acting,  with  admissions  and  explosions  occur¬ 
ring  on  both  sides  of  the  piston.  Many  large  engines  are  now  being 
made  double-acting;  but  the  practical  troubles  in  keeping  the  piston, 
piston  rod,  cylinder,  and  stuffing  box  cool  enough  for  satisfactory 
working  have  prevented  the  use  of  double-acting  cylinders  in  engines 
of  small  size. 

Two=Cycle  Engines.  Action  of  Cycle .  An  increased  frequency 
of  the  expansion  or  motive  stroke  can  be  obtained  by  a  slight  modi- 
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fication  of  the  Otto  cycle,  which  results  in  the  cycle  being  completed 
in  two  strokes,  and  which  is  consequently  called  the  two-cycle 
method.  Single-acting  engines  using  the  two-cycle  method  give  an 
impulse  every  revolution,  and  thus  not  only  give  greater  uniformity 
of  speed  of  rotation  to  the  crankshaft,  but  also  develop  60  to  80  per 
cent  more  power  than  four-cycle  or  Otto-cycle  engines  of  the  same 


Fig.  44.  Smalley  Two-Cycle  Engine —  Fig.  45.  Smalley  Two-Cycle  Engine — 

Piston  at  Bottom  of  Stroke  Piston  at  Top  of  Stroke 


size.  Moreover,  they  are  generally  of  great  simplicity,  having  fewer 
valves  than  the  four-cycle  engines.  An  example  is  shown  in  Figs.  44 
and  45,  of  a  two-cycle  engine  of  small  size  and  of  the  two-port  type. 
Fig.  44  is  a  vertical  section,  showing  the  piston  at  the  bottom  of  its 
stroke,  and  Fig.  45  is  a  vertical  section  in  a  plane  at  right  angles  to 
the  previous  section  plane  and  shows  the  piston  at  the  top  of  its 
stroke.  As  the  trunk  piston  A  makes  its  upward  stroke,  it  creates  a 
partial  vacuum  below  it  in  the  closed  crank  chamber  C,  and  draws  in 
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the  explosive  charge  through  B.  On  the  downward  stroke,  the  charge 
below  the  piston  is  compressed  to  about  10  pounds  pressure  m  the 
crank  chamber  C,  the  admission  through  B  being  controlled  by  an 
automatic  valve  (not  shown)  which  closes  when  the  pressure  in 
exceeds  the  atmospheric  pressure.  When  the  piston  reaches  t  e 
lower  end  of  its  stroke,  it  uncovers  exhaust  port  K,  and  at  the  same 
time  brings  admission  port  D,  in  the  piston  opposite  the  by-pass 
opening  E EE,  and  permits  the  compressed  charge  to  enter  the 
cvlinder  G,  through  the  automatic  admission  valve  /  as  soon  as  the 
pressure  in  the  cylinder  falls  below  that  of  the  compressed  charge. 
The  return  of  the  piston  shuts  off  the  admission  through  E,  and  the 
exhaust  through  K,  and  compresses  the  charge  into  the  clearance 
space.  The  charge  is  then  exploded,  Fig  45,  and  the  piston  makes 
its  down,  or  motive,  stroke.  Near  the  end  of  the  down  stroke,  after 
the  opening  of  the  exhaust  port  K,  the  admission  of  the  charge  at 
the  top  of  the  cylinder  sweeps  the  burned  gases  out,  the  complete 
escape  being  facilitated  by  the  oblique  form,  Fig.  44,  of  the  top  of 
the  piston.  The  engine  is  so  designed  that  the  piston  on  its  return 
stroke  covers  the  exhaust  port  K  just  in  time  to  prevent  the  escape 
of  any  of  the  entering  charge.  The  processes  described  above  and 
below  the  piston  are  simultaneous,  the  upstroke  being  accompanied 
by  the  admission  below  the  piston  and  compression  above  it,  while 
the  down  stroke  has  expansion  above  the  piston  and  a  slight  com¬ 
pression  below  it.  The  very  short  interval  of  time  between  the 
beginning  of  the  exhaust  and  the  admission  of  the  new  charge 
which  enters  as  soon  as  the  pressure  in  the  cylinder  has  fallen  enough 
to  permit  the  admission  valve  to  open-makes  premature  ignition 
of  the  charge,  or  “back-firing”,  of  not  infrequent  occurrence.  If 
the  mixture  is  weak,  or  the  speed  is  very  high,  so  that  the  charge  is 
still  burning  when  admission  begins,  or  if  the  frequency  of  the  explo¬ 
sions  brings  any  part  of  the  cylinder  to  a  red  heat,  the  charge  will 
be  ignited  on  entering,  and  the  explosion  will  then  travel  back  through 
EEE  to  the  crankcase,  which  has  to  be  made  strong  enough  to  resist 
it.  In  large  engines  the  charge  is  compressed  by  a  separate  pump, 
and  not  in  the  crankcase. 

Single-Valve  Type.  A  modification  of  the  two-cycle  engine 
makes  the  construction  even  more  simple,  so  that  the  only  valve  on 
the  engine  is  the  automatic  valve  admitting  the  charge  to  the  crank- 
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case.  In  this  engine,  Fig.  46,  the  series  of  operations  is  precisely 
similar  to  that  just  described.  The  only  difference  is  in  the  by-pass 
connection  E,  which  has  no  valve  between  it  and  the  cylinder.  The 
exhaust  is  made  to  open  a  little  earlier  than  the  admission,  in 
order  to  make  sure  that  the  pressure  in  the  cylinder  shall  have  fallen 
below  the  pressure  of  the  slightly  compressed  charge  when  the  admis¬ 
sion  port  opens.  If  the 
opening  of  the  exhaust  and 
admission  ports  were  sim¬ 
ultaneous,  as  in  the  engine 
just  described,  some  of  the 
exhaust  gases  would  force 
their  way  through  E  to 
the  crankcase,  igniting  the 
charge  there.  The  piston 
is  so  shaped  that  the  en¬ 
tering  charge  is  directed 
to  the  top  of  the  cylinder, 
forcing  out  the  burned 
gases  before  any  of  the 
charge  can  escape  through 
the  exhaust  port. 

Single  Revolxing-Dislc 
Valve  Type.  In  place  of 
the  automatic  inlet  valve 
at  B,  a  revolving -disk 
valve  is  sometimes  used, 
which  turns  with  the  crank 
and  contains  a  slot  that 
registers  with  the  crank¬ 
case  inlet  during  part  or  all  of  the  upstroke  of  the  piston.  The  disk 
is  pressed  against  its  seat  by  a  light  spring.  This  arrangement  makes 
the  admission  of  the  charge  to  the  crankcase  positive  and  permits 
of  adjustment  of  the  duration  of  admission,  and  consequently  of  the 
volume  admitted.  It  sacrifices,  however,  the  reversibility  of  the 
engine. 

Valveless  Type.  A  further  and  last  modification  of  this  engine 
makes  it  entirely  valveless  and  of  the  utmost  simplicity.  It  is  illus- 


Fig.  46.  Modification  of  Smalley  Two-Cycle  Engine 
with  Its  Valve  between  By-Pass  and  Cylinder 
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trated  in  Pig.  47.  The  admission  of  the  charge  is  through  the  port  B, 
which  is  covered  and  uncovered  by  the  piston,  and  which  conse¬ 
quently  does  not  require  any  automatic  valve.  During  the  upstroke 
of  the  piston,  a  vacuum  is  created  in  the  closed  crankcase,  till  near  the 
top  of  its  stroke,  when  the  admission  port  B  is  uncovered  and  the 
explosive  charge  rushes  into  the  crankcase,  filling  it  until  the  pressure 
there  is  approximately  atmospheric  pressure.  The  other  operations 
are  exactly  as  in  the  engine  previously  described,  the  charge  being 
compressed  in  the  crank  casing  during  the  down  stroke,  and  then 
transferred  through  port  D  in  the  hollow  piston,  and  through 


Fig.  47.  Smalley  Three-Port  Two-Cycle  Engine 

port  E  in  the  cylinder  wall,  to  the  upper  side  of  the  piston,  when  it 
is  near  the  end  of  its  down  stroke.  This  modification  is  generally 
known  as  the  “three-port  type  of  the  two-cycle  motor  . 

The  power  of  a  small  two-cycle  engine  can  be  varied  by  throt¬ 
tling — that  is,  by  varying  the  amount  of  the  charge  taken  into  the 
cylinder.  This  is  accomplished  either  by  throttling  the  admission 
to  the  crankcase,  or  by  throttling  in  the  by-pass  between  the  crank¬ 
case  and  the  cylinder.  There  is  probably  little  to  choose  between 
these  two  methods. 

Loss  of  Efficiency  in  Two-Cycle  Types.  The  great  compactness 
and  simplicity  of  the  small  two-cycle  motor  are  obtained  at  some  cost 
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of  efficiency.  In  all  gas  engines  a  certain  amount  of  work  has  to  be 
done  in  getting  the  explosive  mixture  into  the  cylinder  during  the 
suction  stroke,  and  in  expelling  the  exhaust  gases  during  the  exhaust 
stroke.  This  gas-friction  work  is  represented  on  the  indicator  card  of 
an  Otto-cycle  engine  by  the  negative  loop,  Figs.  3  and  8,  which  has  to 
be  subtracted  from  the  positive  loop  in  order  to  give  the  indicated 
horsepower  of  the  engine.  In  the  four-cycle  engine,  this  negative 
work  is  usually  from  2  to  5  per  cent  of  the  total  work,  and  is  a  dead 
loss.  In  the  two-cycle  engine,  considerably  more  work  must  be  done 
in  order  to  get  the  gas  into  the  cylinder.  The  time  available  for  the 
admission  of  the  charge  is  extremely  short.  In  a  small  high-speed 
engine,  it  will  be  from  one-  to  two-hundredths  of  a  second ;  in  a  large 
two-cycle  engine,  it  may  amount  to  one-twentieth  of  a  second.  In 
any  case,  it  will  not  be  more  than  one-third  to  one-fifth  of  the  time 
available  for  admission  in  a  four-cycle  engine.  Moreover,  this 
admission  takes  place  while  the  exhaust  gases  are  going  out  rapidly 
and,  consequently,  while  the  pressure  in  the  cylinder  is  appreciably 
greater  than  atmospheric  pressure.  In  order  to  overcome  the  back 
pressure  of  the  exhaust,  and  also  in  order  to  be  able  to  enter  with  the 
very  high  velocity  necessitated  by  the  short  duration  of  admission, 
the  explosive  mixture  has  to  be  pre-compressed  to  8  or  10  pounds 
above  atmospheric  pressure  before  its  admission  to  the  cylinder. 
Whether  this  pre-compression  is  done  in  the  crankcase,  as  in  small 
engines,  or  in  separate  compression  pumps,  as  in  large  engines,  it 
requires  the  expenditure  of  a.  considerable  amount  of  work — an 
expenditure  which  decreases  the  available  power  of  the  engine 
without  giving  anything  in  return,  other  than  the  possibility  of 
maintaining  the  cycle  of  operations.  This  loss  of  power  in  compress¬ 
ing  the  charge  is  ordinarily  from  7  to  12  per  cent  of  the  total  work 
done  in  the  cylinder. 

Another  loss  of  efficiency  in  the  two-cycle  engine  results  from  the 
fact  that  the  admission  and  exhaust  ports  are  open  at  the  same  time. 
An  endeavor  is  made  to  have  the  exhaust  port  close  before  any  of 
the  entering  charge  has  reached  it;  but  practically  it  is  not  possible 
to  accomplish  that— particularly  in  an  engine  which  is  to  run  at 
various  speeds.  If,  in  an  endeavor  to  prevent  such  loss  of  gas  direct 
to  the  exhaust,  the  exhaust  port  closes  early,  too  large  a  volume  of 
the  exhaust  gases  will  be  retained  in  the  cylinder;  the  amount  of  the 
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charge  which  can  enter  will  be  correspondingly  decreased;  and  both 
the  efficiency  and  the  capacity  of  the  engine  will  suffer.  In  larger 
engines  this  trouble  is  obviated  to  a  great  extent  by  forcing  air  into 
the  cylinder  slightly  ahead  of  the  explosive  charge  and  closing  the 
exhaust  port  when  the  charge  of  fresh  air  is  passing  through.  This 
device  is  also  valuable  in  preventing  back-firing  of  the  charge. 

Besides  its  simplicity  and  compactness,  the  small  two-cycle 
engine  may  claim  reversibility  as  one  of  its  advantages.  The  direc¬ 
tion  of  rotation  in  the  small  valveless  two-cycle  engine  is  determined 
solely  by  the  timing  of  the  ignition.  It  is  possible  to  reverse  such  a 
motor  merely  by  making  the  point  of  ignition  very  early.  This 
causes  an  explosion  well  before  the  ending  of  the  compression  stroke, 


and  may  develop  sufficient  pressure  to  stop  the  piston  before  it  gets 
to  the  end  of  the  stroke  and  start  it  going  in  the  other  direction. 
When  once  started  in  the  other  direction,  the  ignition,  if  unchanged, 
will  be  a  very  late  ignition,  giving  comparatively  small  power; 
shifting  the  ignition  back  a  little  will  give  the  engine  its  full  power 
in  its  reversed  direction.  This  process  is  practicable  only  in  small 
engines  with  light  reciprocating  parts,  and  is  most  convenient  for 
small  motor-boat  use. 

The  two-cycle  engine  develops  on  the  average  about  70  per  cent 
more  power  than  a  four-cycle  engine  of  the  same  size  and  speed; 
it  uses  from  10  to  20  per  cent  more  gas  per  brake  horsepower. 
A  typical  indicator  card  for  a  two-cycle  engine  is  shown  in  Fig.  48. 
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Fig.  49.  Westinghouse  Vertical  Gas  Engine,  Medium  Size 
Courtesy  of  Westinghouse  Machine  Company ,  East  Pittsburgh,  Pennsylvania 

follows  applies  to  gas  engines  of  every  kind;  where  it  does  not,  special 
attention  is  called  to  that  fact. 

Westinghouse  Single=Acting  Engine.  The  construction  of  a 
medium-sized  gas  engine  using  the  Otto  cycle  is  illustrated  in  the 
sectional  elevation,  Fig.  49,  of  a  vertical  engine.  As  in  practically 


GAS  AND  OIL  ENGINES 

MODERATE=POWER  STATIONARY  ENGINES 
Vertical  Type 

As  the  moderate-power  stationary  engines  are  of  most  general 
importance  to  the  engineer,  the  descriptions  of  engines  given  imme¬ 
diately  below  are  taken  from  that  class.  The  greater  part  of  what 
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all  such  engines,  the  engine  is  single-acting  and  has  a  long  trunk 
piston,  which  acts  as  a  crosshead  and  also  permits  the  use  of  several 
piston  rings  whereby  leakage  past  the  piston  is  prevented  even  with 
the  high  pressure  obtained  by  the  explosion.  The  engine  is  made 
single-acting  because  the  piston,  piston  rod,  and  stuffing  box  give 
great  trouble  if  exposed  to  the  high  temperature  of  the  burning  gases 
unless  they  are  water-cooled,  and  the  water-cooling  of  these  parts  is 
difficult  in  small  engines.  Since  the  cycle  occupies  two  revolutions, 
the  valves  and  igniter  have  to  operate  once  in  two  revolutions; 
therefore,  the  cams  which  drive  these  parts  are  mounted  on  shafts 
running  at  one-half  speed  of  the  main  shaft. 

General  Details.  Referring  to  Fig.  49,  A  is  the  shaft  which 
carries  the  exhaust-valve  cam,  and  is  driven  by  gears  from  the  main 
shaft.  The  exhaust  cam  works  against  a  roller  carried  on  the  free 
end  of  the  guide  lever  G.  The  exhaust  valve  E  has  a  long  stem  pro¬ 
jecting  downward  and  resting  on  a  hardened  steel  plate  on  the  upper 
side  of  the  guide  lever  G.  The  spring  surrounding  the  stem  serves  to 
bring  the  exhaust  valve  back  to  its  seat,  and  to  keep  the  stem  in 
contact  with  the  guide  lever.  From  the  exhaust  camshaft  Af  a 
horizontal  shaft  with  bevel  gears  leads  to  the  opposite  side  of  the 
engine,  engaging  with  a  vertical  shaft,  which  in  turn  drives  the  upper 
camshaft  B.  The  governor  is  mounted  on  the  vertical  shaft.  The 
upper  camshaft  carries  two  cams,  one  of  which  engages  against  a 
roller  on  the  end  of  the  horizontal  lever  C .  As  the  throw  side  of  this 
cam  comes  uppermost,  the  opposite  end  of  the  lever  C  depresses  the 
stem  of  the  inlet  valve  J,  opening  the  latter  for  the  admission  of  the 
mixture  of  gas  and  air.  A  spring  on  the  stem  of  the  inlet  valve  fur¬ 
nishes  a  means  for  closing  it  and  keeping  the  cam  and  roller  always 
in  contact  with  each  other.  Immediately  adjacent  to  the  inlet-valve 
cam  is  the  igniter  cam,  which,  at  the  proper  instant,  operates  a  hori¬ 
zontal  plunger  working  through  the  guide  D,  and  breaks  the  electric 
circuit  at  the  terminals  of  the  igniter  F. 

W ater-J acketing.  The  cylinder  heads  and  the  upper  end  of  the 
cylinder  are  thoroughly  water- jacketed,  as,  owing  to  the  high  tem¬ 
peratures  to  which  these  parts  are  subjected,  they  would  soon  become 
red-hot  if  no  means  were  provided  for  keeping  the  temperature  down. 
The  cooling  water  enters  at  H,  and  is  discharged  at  K. 

Fuel  Mixing.  The  gas  and  air  enter  the  mixing  chamber  M  by 


116 


GAS  AND  OIL  ENGINES 


107 


Fig.  51.  Gas  Engine  Valves  Set 
for  Compression 


Fig.  50.  Gas  Engine  Valves  Set  for 
Admission  of  the  Charge 


Gas  Engine  Valves  Set 
for  Exhaust 


Gas  Engine  Valves  Set 
for  Ignition 
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separate  inlets  in  proportionate  amounts  which  can  be  regulated,  and 
the  mixture  is  conducted  through  a  distributing  chamber  to  the  port 
N  leading  to  the  cylinder  head  in  which  the  inlet  valve  is  located. 
The  exhaust  gases  escape  through  0. 

Operation.  The  operation  of  this  engine  is  illustrated  in  the 
accompanying  figures.  The  admission  of  the  charge  of  air  and  gas 
takes  place  during  the  first  downward  stroke  of  the  engine,  Fig.  50. 
The  exhaust  valve  E  is  closed,  and  the  admission  valve  J  is  open, 
closing  only  when  the  piston  is  at  the  end  of  the  stroke  and  the 
cylinder  is  full  of  the  explosive  mixture. 

During  the  return  stroke,  Fig.  51,  both  valves  are  closed,  and  the 
charge  is  compressed  till  at  the  end  of  the  stroke  it  occupies  only  the 
clearance  space.  Shortly  before  the  end  of  the  stroke,  the  igniter 
cam  has  brought  the  igniter  terminals  into  contact,  completing  an 
electric  circuit.  When  the  crank  is  nearly  on  its  dead  center,  the 
igniter  terminals  are  separated  by  the  action  of  a  coiled  spring  in  the 
guide  D;  and,  as  they  fly  apart,  the  circuit  is  broken  and  a  spark 
passes  between  the  terminals,  Fig.  52,  igniting  the  charge.  An  imme¬ 
diate  rise  of  pressure  occurs,  and  the  piston  is  forced  downward, 
both  valves  remaining  closed  until  just  before  the  end  of  the  down 
stroke,  when  the  exhaust  valve  E  opens. 

During  the  whole  of  the  last  return  stroke,  Fig.  53,  the  exhaust 
valve  E  remains  open,  and  the  products  of  combustion  are  forced 
through  0  to  the  atmosphere.  The  exhaust  valve  closes  as  the  piston 
completes  the  stroke,  and  everything  is  ready  to  repeat  the  cycle. 

Nash  Engine.  Another  form  of  vertical  engine  in  which  the 
inlet  and  exhaust  valves  are  located  side  by  side  is  shown  in  vertical 
section  in  Fig.  54.  The  inlet  valve  a  and  the  exhaust  Valve  (not 
shown)  are  operated  from  the  shaft  c,  which  is  driven  from  the  main 
shaft  by  spur  gearing  at  one-half  the  speed  of  the  main  shaft.  A  cam 
on  the  shaft  c,  acting  through  a  roller,  lifts  the  pivoted  lever  d,  at  the 
end  of  which  is  the  long  spindle  of  the  valve  a  through  which  the 
charge  is  admitted.  The  exhaust  valve  is  behind  the  inlet  valve,  and 
is  operated  in  the  same  manner.  The  air  and  gas  are  mixed,  and  the 
amount  of  the  mixture  is  regulated  in  the  balanced-disk  throttling 
governor  valve  e,  the  position  of  which  is  regulated  by  the  gover¬ 
nor  /.  The  air  and  gas  are  admitted  to  the  governor  valve  through 
the  pipes  g  and  h  (not  shown),  and  the  proportions  of  the  mixture  are 
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regulated  by  the  hand  valves  i.  The  exhaust  passes  out  through  the 
water-cooled  header  j.  The  igniter  is  a  magnetically  operated  make- 
and-break  plug,  timed  by  a  commutator  mounted  on  the  camshaft. 

Rathbun  Engine.  The  engine  showrn  in  Fig.  55  has  both  the 
inlet  and  exhaust  valve  in  the  cylinder  head,  thus  permitting  the  use 
of  a  dished  cylinder  head.  The  valves  are  actuated  by  a  device  known 


Fig.  54.  Vertical  Section  of  Nash  Gas  Engine 
Courtesy  of  National  Meter  Company,  New  York  City 

as  a  “roller-path  lever”.  In  this  device  a  lever  is  pinned  at  one  end 
to  the  valve-actuating  rod,  and  on  the  other  is  fitted  with  a  roller 
which  rests  on  the  top  of  the  valve  stem.  The  top  of  the  lever  is 
curved.  Above  it  is  a  block  which  is  firmly  held  in  position  in  the 
valve  bonnet  and  has  somewhat  smaller  curvature  than  that  on  the 
lever.  This  block  is  adjustable  in  order  to  allow  for  taking  up  wear 
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in  the  valve  mechanism.  When  the  valve-actuating  rod  is  pushed 
up  to  open  the  valve,  the  curved  surface  on  the  lever  rolls  smoothly 


Fig.  55.  Rathbun  Gas  Engine  Shown  in  Section 
Courtesy  of  Rathbun- Jones  Engineering  Company,  Toledo,  Ohio 

and  noiselessly  over  the  curved  surface  of  the  block  and  depresses  the 
roller  end  of  the  lever,  thereby  opening  the  valve.  The  actuating 
rod  is  connected  to  an  eccentric  and  operates  the  rod  through  a  cross- 
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head  which  slides  in  a  guide  held  in  the  top  of  the  frame  or  housing. 
The  exhaust  valves,  exhaust  elbows,  and  manifold  are  water-cooled. 
The  piston  is  provided  with  an  air-insulating  space  or  pocket  at  its 
top  to  prevent  the  accumulation  and  carbonization  of  oil  on  the  hot 
piston  head.  The  journal  boxes  rest  on  wedges  which  are  adjustable 
from  the  outside  by  a  bolt  on  either  side  of  the  engine,  which 


Fig.  56.  Front  Elevation  of  Bruce-MacBeth  4-Cylinder  Gas  Engine 
Courtesy  of  Bruce-MacBeth  Engine  Company,  Cleveland,  Ohio 


thus  facilitates  the  lining  up  of  the  crankshaft.  These  wedges  may  be 
taken  out  sideways  into  the  engine  base  by  removing  the  adjusting 
wedge  bolts.  This  allows  the  journal  box  to  be  removed  in  a  like 
manner,  while  the  cap  may  be  rempved  in  the  usual  manner;  thus 
providing  a  means  of  replacing  the  main  journals  without  disturb¬ 
ing  the  crankshaft.  The  journal-cap  studs  are  continued  upward 
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through  the  housing,  forming  stay  bolts,  through  which  all  strains 
created  by  the  pressure  in  the  cylinders  are  transmitted  directly  to  the 
main  journals.  Because  of  this  construction,  it  is  possible  to  have 
large  doors  in  the  housing  to  facilitate  repairs  and  adjustments  inside 


Fig.  57.  Side  Elevation  of  Bru,ce-MacBeth  Gas  Engine 
Courtesy  of  Bruce-MacBeth  Engine  Cdmpany,  Cleveland,  Ohio 


the  crankcase.  The  governor,  of  the  fly-ball  type,  is  driven  from  the 
eccentric  shaft  and  acts  directly  on  a  throttle  valve.  The  governor 
also  changes  the  timing  of  the  ignition  to  suit  the  compression  as 
affected  by  the  throttling.  The  throttle  valve  is  a  two-disk  balanced 
valve  acting  directly  on  the  mixture.  The  quality  of  the  mixture  is 
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regulated  by  an  additional  valve  in  the  gas  line,  which  has  light-load 
and  full-load  adjustments  similar  to  some  carbureters,  thus  providing 
an  automatic  maintenance  of  the  proper  mixture  throughout  the 
range  of  load.  The  ignition  is  by  mechanical  make-and-break  igniters. 

Bruce=MacBeth  Engine.  The  engine  shown  in  Figs.  56  and  57 
also  has  both  the  inlet  and  exhaust  valve  located  in  the  cylinder  head. 
The  valves  are  actuated  from  a  camshaft  through  levers  pivoted  on 
brackets  bolted  to  the  cylinder  heads.  The  camshaft  is  carried  at  the 
level  of  the  top  of  the  cylinder  head  in  bearings  which  are  an  integral 
part  of  the  jacketed  exhaust  outlets.  The  camshaft  is  driven  from 
the  crankshaft  through  a  vertical  shaft  by  bevel  gears.  The  valves 
are  carried  in  cages,  the  exhaust-valve  cage  being  water-cooled 
though  the  exhaust  valve  itself  is  uncooled.  The  inlet-valve  cage  is 
divided  into  two  compartments  by  a  ledge  at  the  middle  of  the  cage — 
the  upper  compartment  connecting  to  the  gas  main  and  the  lower  to 
the  air  main.  A  disk  is  carried  on  the  inlet-valve  stem  which  seats  on 
the  dividing  ledge  of  the  cage  when  the  inlet  valve  is  closed,  thus 
serving  to  shut  off  the  gas  compartment  from  the  air  compartment 
and  preventing  the  formation  of  an  explosive  mixture  until  the  inlet 
valve  is  opened.  This  arrangement  helps  to  scavenge  the  cylinder 
since,  when  the  inlet  valve  opens,  air  is  nearest  to  the  opening,  and 
consequently  a  layer  of  pure  air  is  drawn  into  the  cylinder,  previous 
to  the  commencement  of  the  suction  stroke,  by  the  inertia  of  the 
exhaust  gases  in  flowing  out  of  the  exhaust  valve.  This  layer  of  pure 
air  tends  to  replace  the  products  of  combustion  remaining  in  the 
clearance  space  and  to  force  them  out  through  the  exhaust  valve, 
thereby  scavenging  the  cylinder.  The  exhaust  valve  closes  before 
any  of  the  oncoming  explosive  mixture  can  be  lost  into  the  exhaust. 

The  regulation  is  obtained  by  a  fly-ball  governor  mounted  on  the 
vertical  shaft,  which  operates  either  a  balanced-cage  throttle  valve 
or  a  balanced-disk  throttle  valve,  depending  upon  the  fuel  used.  The 
ignition  is  obtained  by  two  sets  of  jump-spark  plugs  mounted  one  on 
either  side  of  the  cylinder.  One  of  these  plugs  is  a  standard  grounded 
plug  and  the  other  is  a  special  plug  with  both  electrodes  insulated. 
The  current  is  obtained  from  two  high-tension  magnetos— one  for 
each  system — mounted  one  on  either  end  of  the  camshaft.  A  timer 
or  distributor,  to  direct  the  current  to  the  proper  plug  at  the  proper 
instant,  is  built  into  each  magneto. 
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Fig.  58.  Fairbanks-Morse  Type  “T”  Vertical  Gas  Engine 
Courtesy  of  Fairbanks,  Morse  and  Company,  Chicago 
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l  ^  Engine-  The  en8ine  shown  in  Fig.  58  has 

h  valves  located  m  the  cylinder  head,  the  exhaust  valve  being 
mechanically  operated,  while  the  inlet  valve  is  automaticallv  operated 
by  the  suction  of  the  engine.  The  engine,  as  represented,  is  equipped 
to  operate  on  gasoline.  cqmppea 


nonzontal  Type 


Otto  Engines.  An  example  of  the  horizontal  form  of  gas  engine 

is  gtven  in  Kgs.  60  and  60,  which  are  vertical  cross  sections  through 
the  cylmder  and  valves.  The  admission  and  exhaust  valves  A  and  / 


Courtesy  of  Otto  Gas  Engine  Works,  Philadelphia,  Pennsylvania 


are  placed  one  above  the  other— the  exhaust  below.  The  valves 
are  opened  by  cams  M  and  II,  respectively,  mounted  on  a  horizontal 
side  shaft  parallel  to  the  axis  of  the  cylinder.  The  exhaust  cam  acts 
on  the  end  of  a  lever  L  with  a  fixed  fulcrum,  giving  an  invariable 
opening  to  the  exhaust  valve.  The  admission  cam  acts  on  the  end  of 
a  lever,  G.  The  governor  controls  the  time  and  duration  of  the  open¬ 
ing  of  the  admission  valve  and  thereby  controls  the  amount  of  the 
explosive  charge  admitted  to  the  cylinder.  The  ignition  is  obtained 
by  an  oscillating  magneto  and  make-and-break  igniter  plug,  which 
are  operated  by  a  rod  driven  by  a  crank  on  the  end  of  the  side  shaft. 
A  gas  valve  B  is  mounted  on  the  inlet-valve  stem,  as  in  the  previous 
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engine,  only,  instead  of  being  mounted  rigidly,  it  is  mounted  loosely 

and  is  held  to  its  seat  by  a  spring.  _  ,1 

Alberger  Engine.  The  engine  shown  in  Fig.  61  is  a  horizontal 
single-acting  tandem.  The  cylinder  head  of  the  front  cylinder  is 
provided  wfth  a  stuffing  box  to  prevent  explosions  from  blowing  out 


around  the  piston  rod.  The  stuffing  box  is  water-cooled  and  provided 
with  five  snap  packing  rings.  The  piston  rod  is  solid  and  uncoo  ed. 
The  valves  are  located  on  the  side  of  the  cylinder  in  a  valve  chamber, 
which  is  a  water-cooled  casting  separate  from  the  cylinder  casting. 
The  valves  are  actuated  by  a  cam  and  lever  as  shown  in  Figs.  158  and 
159.  The  regulation  is  secured  by  a  Rites  inertia  flywheel  governor 
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Fig.  61.  Alberger  Tandem  Gas  Engine— Longitudinal  Section 
C  ourtesy  of  Alberger  Gas  Engine  Company,  Buffalo,  New  York 
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rotating  a  cut-off  cage  valve.  The  ignition  is  obtained  by  a  double 
high-tension  jump-spark  system,  two  spark  plugs  being  provided  for 
each  combustion  chamber. 

Foos  Engine.  An  entirely  different  arrangement  is  shown  in 
Fig.  62,  where  the  valves  are  located  on  opposite  sides  of  the  cylin¬ 
der  C.  Both  are  mechanically  operated  through  cams  and  push  rods 
operating  the  bell-crank  lever  shown  in  the  figure.  The  inlet  valve  E 
is  opened  by  the  lever  A;  the  exhaust  valve  D,  through  the  lever  K. 
The  igniter  is  placed  close  to  the  inlet  Valve.  The  provision  of  a  plug 

above  each  valve  permits 
ready  access  to  the  valves 
for  removal  or  grinding. 

LARGE  GAS  ENGINES 
General  Character 
isticsof  the  Type.  Avery 
rapid  development  has 
taken  place  in  the  size  to 
which  gas  engines  are 
built,  until  now  there  are 
in  operation  units  devel¬ 
oping  over  5000  horse¬ 
power  each.  There  are 
some  special  problems 
which  arise  when  large 
power  is  to  be  developed 
in  a  single  engine;  and  for  that  reason  the  large  gas  engine  is  here 
considered  separately. 

The  gases  which  are  commercially  available  for  use  in  large  gas 
engines  are :  natural  gas,  blast-furnace  gas,  producer  gas,  and  coke- 
oven  gas.  Gases  rich  in  hydrogen  are  objectionable  on  account  of  the 
excessive  stresses  caused  by  pre-ignition  in  a  large  cylinder. 

The  American  practice  is  to  make  large  gas  engines  of  the 
side-crank  type.  With  the  four-cycle  type  of  1000  to  1500  horse¬ 
power,  a  tandem  double-acting  engine  is  usual;  for  2000  horsepower 
and  over,  double-tandem  double-acting  engines  are  used.  The  tan¬ 
dem  double-acting  engine  gives  two  explosions  per  revolution, 
resulting  in  a  very  uniform  speed  of  rotation. 


Fig.  62.  Foos  Gas  Engine 
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Fig.  63.  Longitudinal  Section  of  Warren  Heavy-Duty  Tandem  Gas  Engine 

Courtesy  of  Struthers- Wells  Company ,  Warren ,  Pennsylvania 
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Warren  Engine.  An  example  of  a  moderate-sized  single-act¬ 
ing  tandem  engine  is  given  in  longitudinal  section  in  Fig.  63,  and  in 


Fig.  64.  Vertical  Cross  Section  Through  Valves  of  Warren  Tandem  Gas  Engine,  Shown 
in  Longitudinal  Section  in  Fig.  63 


cross  section  through  the  valves  in  Fig.  64.  This  particular  engine 
is  no  longer  built,  but  many  of  them  are  still  in  service.  Besides,  this 
engine  is  typical  of  large  single-acting  tandem  engines.  This  arrange- 


130 


GAS  AND  OIL  ENGINES 


121 


ment  requires  a  stuffing  box  in  the  front  cylinder.  The  piston  and 
piston  rod,  the  exhaust  valves,  and  the  exhaust-valve  cages  are  water- 
jacketed.  The  water  enters  the  front  piston  through  a  pipe  sliding 
through  a  stuffing  box;  goes  through  the  hollow  piston  rod  to  the  rear 
piston,  and  from  there  discharges  through  a  pipe  into  a  trough  in  the 
intermediate  bed.  The  jackets  are  cast  separate  from  the  cylinders, 
and  make  sliding  joints  at  their  front  ends  so  as  to  allow  of  differential 
expansion  of  the  cylinders  and  jackets.  The  jacketing  of  the  exhaust 
valves  is  shown  clearly  in  Fig.  64. 

The  valves  are  situated  vertically  above  one  another,  the 
exhaust,  as  usual,  being  below.  They  are  worked  by  a  single  cam  on 
the  lay  shaft,  through  intermediate  push  rods  and  levers;  the  exhaust 
valve,  through  a  massive  lever  with  a  fixed  fulcrum;  and  the  admission 
valve,  through  a  lever  with  a  movable  fulcrum.  The  position  of  the 
movable  fulcrum  is  controlled  by  the  governor  through  a  flexible 
steel  strip;  the  farther  in  it  is  pushed,  the  less  does  the  admission  valve 
open  and,  consequently,  the  more  is  the  charge  throttled.  The 
movable  fulcrum  is  quite  free  to  move  at  all  times,  except  when  the 
admission  valve  is  actually  being  operated.  The  governor  is  free  to 
move  even  at  that  time,  as  it  can  bend  the  flexible  strip;  consequently, 
the  work  on  the  governor  is  extremely  slight,  and  it  can  be  made  very 
sensitive.  These  engines  have  converted  32  per  cent  of  the  total  heat 
of  the  gas  supplied  to  them  into  indicated  work. 

Allis=Chalmers  Engine.  The  normal  type  of  large-size  four¬ 
cycle  gas  engine  is  shown  in  Fig.  65,  which  is  a  drawing  of  the  largest 
gas  engine  yet  built  in  this  country  operating  on  blast-furnace  gas, 
and  in  Fig.  66,  which  is  a  cross  section  of  another  engine  of  the  same 
type.  It  is  a  tandem  double-acting,  side-crank  engine,  with  the  inlet 
and  exhaust  valves  placed  as  in  the  engine  just  described.  Owing  to 
the  great  weight  of  the  pistons  and  rods,  the  latter  are  supported  on 
three  slides,  and  the  cylinders  are  thereby  relieved  of  wear. 

Water- Jacketing.  The  main  bearings,  of  the  crankshaft  are 
water-cooled,  and  are  provided  with  spherical  seats  to  allow  for 
deflection  of  the  shaft.  Each  cylinder  with  its  jacket  is  a  single 
casting;  the  great  depth  of  the  water-jacket  space  is  intended  to 
permit  of  differential  expansion  of  the  cylinder  and  jacket;  the  longi¬ 
tudinal  tensile  stresses  are  carried  by  the  jacket  wall,  the  cylinder  wall 
being  subjected  only  to  the  pressure  of  the  gases.  The  pistons  are 
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water-cooled;  and,  as 
there  are  no  nuts  or  other 
projections  from  the  pis¬ 
tons,  all  parts  are  ade¬ 
quately  cooled.  The  hol¬ 
low  piston  rods  are  of 
nickel  steel,  and  are  given 
such  an  initial  camber 
.|  that  they  become  straight 
I  when  they  support  the 

o  weight  of  the  pistons  and 

|  cooling  water.  Water  for 
|  cooling  the  pistons  and 
$  rods  is  brought  to  the 
<  central  crosshead  by 
^  means  of  pipes  with 
A  swing  joints  on  each  side 
a  of  the  crosshead,  the 
g  water  from  one  pipe  go¬ 
al  ing  forward,  and  that. 
•S  from  the  other  pipe  to 
|  the  rear  rod.  After  cir- 
g  culating  through  the  pis- 
|  ton  and  rod,  the  water  is 
1  discharged  from  pipes  at 
1  the  ends  of  the  piston 
g  rods  into  a  slot  in  the  tail- 
guide  frame  at  the  one 
®  end  and,  as  in  the  pre- 
£  ceding  engine,  through 
a  pipe  which  slides 
through  a  stuffing  box 
in  the  main  frame.  The 
packing  used  in  these 
stuffing  boxes  consists 
of  sectional  cast-iron 
rings  enclosed  by  re¬ 
taining  rings. 
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Ignition.  Separate  gas  and  air  pipes  above  the  engine-room 
floor  are  dispensed  with  by  making  them  an  integral  part  of  the 
cylinder  casting  at  the  center  of  the  length  of  the  cylinder,  as  is 
shown  in  Fig.  65.  This  type  of  construction  is  known  as  a 
“belted  cylinder”  and  greatly  simplifies  the  appearance  of  the 
engine.  Because  of  the  large  diameter  of  the  cylinders  and  the 
consequent  large  volume  of  lean  blast-furnace  gas  in  the  combustion  . 
chamber  at  the  instant  of  ignition,  three  igniters  are  used  for  each 
cylinder  end  instead  of  two,  as  is  the  usual  practice.  Two  of  the 
igniters  are  located,  one  on  either  side  of  the  cylinder,  forty-five 
degrees  down  from  the  vertical.  The  third  is  located  in  the  same 
plane  as  the  other  two  on  the  side  of  the  cylinder  away  from  the  lay 
shaft,  forty-five  degrees  up  from  the  vertical.  This  third  igniter  is 
necessary  because  of  the  distance  through  which  the  flame  has  to 
travel  in  this  engine.  Its  use  increases  the  power  of  the  engine  20 
per  cent.  The  igniters  are  mechanical  make-and-break  (shown  in 
Fig.  120  and  described  on  page  183)  operated  by  igniter  camshafts, 
which  run  at  half  the  speed  of  the  crankshaft. 

Valves.  In  the  cross-sectional  view  through  the  valves,  shown 
in  Fig.  66,  some  of  the  details  of  the  cylinder,  such  as  the  sepa¬ 
rate  casting  for  the  gas  and  air  passages,  are  different  from  those  of 
the  engine  shown  in  Fig.  65.  The  inlet  and  exhaust  valves  and  the 
mechanism  actuating  them  are  unchanged. 

The  exhaust  valve  and  its  stem  are  in  one  piece.  The  valve  stem, 
head,  and  cage  are  all  water-cooled,  as  shown  in  Fig.  66.  The  water 
leaves  by  a  swinging  hose  connection  at  P ,  and  enters  by  the  internal 
tube  and  another  hose  connection  at  0.  The  valve  is  operated  by 
the  eccentric  M  on  the  lay  shaft  K,  through  the  rolling  lever  ful- 
crumed  at  R.  The  rolling  lever  is  the  most  largely  used  of  the  valve- 
operating  devices.  The  eccentric  rod  is  in  tension  an  advantage 
over  the  push  rod,  especially  in  large  engines  where  the  total  pressure 
to  be  exerted  on -the  exhaust  valve,  in  order  to  start  lifting  it,  is  very 
great. 

The  inlet  valve  G  is  operated  through  the  eccentric  L  by  means  of 
rolling  levers.  The  period  and  amount  of  the  opening  of  the  gas 
valve  H  are  controlled  by  the  governor.  The  quantity  of  the  mixture 
admitted,  and  therefore  the  compression  pressure,  is  kept  constant; 
but  the  quality  of  the  mixture  is  varied.  The  inlet  valve  G  opens 
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before  the  gas  valve  II,  thus  admitting  air  only  at  first;  and,  as  the 
exhaust  is  still  open  at  that  time,  the  entering  air  scavenges  the 
cylinder  and  puts  out  any  flame  still  remaining  in  it.  Then  follows 
the  admission  of  a  mixture  of  air  and  gas.  The  gas  valve  then  closes 
slightly  ahead  of  the  main  valve,  so  that  the  last  part  of  the  charge 
admitted  is  air;  this  fills  the  valve  chamber  below  the  inlet  valve,  but 
is  not  in  contact  with  the  igniters. 

The  gas  valve  H  is  of  the  double-seated  type,  and  is  operated 
by  two  rods,  shown  in  Fig.  66,  which  connect  it  with  the  crosshead  V, 
and  with  a  rolling  lever  fulcrumed  at  S  on  the  crosshead  V.  The 
fulcrum  lever  T  is  forked  on  its  inner  end,  and  the  ends  of  this  fork 
are  pivoted  on  fixed  pins.  The  rolling  lever  being  connected  to  the 
main  inlet-valve  rolling  lever,  both  levers  move  in  unison.  The 
position  of  the  fulcrum  lever  T  is  controlled  by  the  governor  through 
the  rod  E  and  the  eccentric  on  the  shaft  F ;  consequently,  the  gov¬ 
ernor  controls  the  movement  of  the  inner  end  of  the  rolling  lever 
fulcrumed  at  S,  and  of  the  gas  valve  II. 

Starting.  Starting  is  by  means  of  compressed  air  admitted  in 
turn  to  each  cylinder  end,  at  what  would  be  the  expansion  stroke, 
through  the  valve  C. 

Valve  Gear  and  Governing  of  Westinghouse  Tandem  Engine. 

The  valve  gear  and  governing  of  another  type  of  large  gas  engine 
are  illustrated  in  Fig.  67.  One  eccentric  is  employed  for  both  the 
exhaust  and  the  inlet  valve.  There  is  a  single  mechanism  which  com¬ 
bines  the  functions  of  inlet,  mixing,  and  governing  valves.  The 
mechanism  consists  of  a  spring-operated  poppet  valve,  a  stationary 
cage  in  which  it  is  housed,  and  a  mixing  or  regulating  valve  sleeve 
which  reciprocates  within  the  cage  and  rotates  on  the  inlet-valve  stem. 
The  regulating  sleeve  is  provided  with  ports  registering  with  corre¬ 
sponding  ports  in  the  surrounding  valve  cage.  The  valve  has  three 
distinct  motions — a  definite  vertical  motion  of  the  poppet  valve,  the 
vertical  motion  of  the  sleeve,  and  a  rotation  of  the  sleeve  controlled 
by  the  governor  alone. 

The  main  poppet  valve  is  worked  from  the  eccentric  through  a 
push  rod  and  rolling  levers.  When  it  is  closed,  the  cylindrical  sleeve 
closes  the  air  and  gas’ ports.  As  the  main  valve  opens,  the  sleeve 
falls,  uncovering  the  ports.  The  area  of  the  ports  uncovered  is  deter¬ 
mined  by  the  angular  position  of  the  sleeve.  The  rotating  sleeve 
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Fig.  67.  Vertical  Cross  Section  of  Westinghouse  Tandem  Gas  Engine. 
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acts  as  a  throttling  valve,  but  does  not  affect  the  relative  amounts 
of  air  and  gas  admitted.  The  governing  is  by  quantity,  not  by 
quality. 

General  Cylinder  Construction.  The  cylinders  of  the  largest 
engines  of  this  type  are  cast  in  halves  fitted  together  with  ground 
joints.  An  opening  is  left  between  the  two  halves  of  the  jacket  at  the 
center;  this  opening  is  closed  by  a  split  jacket  band,  Fig.  68,  making 
water-tight  joints  with  the  castings  but  permitting  independent 
expansion  of  the  cylinder  and  the  jacket. 

Effect  of  Two  or  More  Igniters.  It  is  necessary,  in  a  large  gas 
engine,  to  have  two  or  more  igniters  for  each  combustion  chamber. 
The  combustion  starts  at  the  igniters,  and  spreads  with  a  moderate 
velocity.  In  order  to  make  it  complete  in  a  short  time,  it  is  best  to 

start  it  simultaneously  at  two 
or  more  points.  In  small  en¬ 
gines  this  is  not  necessary,  as 
the  distance  the  flame  has  to 
go  in  order  to  fill  the  combus¬ 
tion  space  is  short.  The  effect 
of  using  two  igniters  is  shown 
in  Fig.  69,  which  gives  two 

Fig.  69.  Indicator  Card,  Showing  Effect  of  Using  SUperpOSed  indicator  Cards 

Two  Igniters  taken  from  a  large  engine. 

The  dotted-line  card  was  taken  with  one  igniter  in  use;  the  full¬ 
line  card,  with  two  igniters.  With  two  igniters  the  combustion  is 
seen  to  occur  more  rapidly  than  with  one,  giving  a  maximum  pres¬ 
sure  of  335  pounds,  as  against  272  pounds  with  one  igniter.  The 


difference  between  the  areas  of  the  cards  is  about  4  per  cent. 

Gas  Cleaners.  Most  of  the  large  gas  engines  in  use  at  the 
present  day  are  running  on  blast-furnace  gas.  The  success  and 
security  of  the  operation  of  these  engines  depend  more  on  the  effective 
cleaning  of  the  gas  than  on  any  other  single  factor.  The  cleaning  is 
generally  carried  out  by  passing  the  gas  through  a  series  of  large 
cooling  towers  provided  with  a  number  of  shelves,  in  which  it  meets 
sprays  of  Water.  The  gas  is  then  taken  to  a  centrifugal  fan,  which 
also  is  supplied  with  water.  The  gas  and  water  are  thrown  against 
the  casing  of  the  fan,  and  the  dust  is  more  or  less  completely  retained 
by  the  water. 
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One  of  the  most  effective  of  these  gas  cleaners  is  shown  in  Fig.  70. 
The  cylindrical  drum  E  E  is  rotated  at  a  speed  of  about  850  revolu¬ 
tions  per  minute ;  it  carries  on  its  periphery  an  oblique  vane  forming 
a  continuous  spiral  curve.  This  vane,  together  with  the  casing  which 
it  almost  touches,  makes  a  spiral  channel  through  which  the  gas  must 
pass  on  its  way  through  the  cleaner.  The  front  part  of  the  drum, 
throwing  the  gas  outward  by  centrifugal  force,  acts  as  a  suction  fan, 
drawing  the  gas  through  the  apparatus.  Cleaning  water  enters 
through  tangential  openings  B  in  the  side,  of  the  casing,  flows  through 
the  cleaner  in  the  opposite  direction  to  the  gas,  and  escapes  at  I. 


Fig.  70.  Sectional  View  of  Theisen  Gas  Cleaner 


The  casing  is  covered  on  the  inside  with  wire  netting,  which  retains 
the  water.  The  gas  preferably  goes  to  the  cleaner  when  still  hot, 
as  this  vaporizes  some  of  the  water  and  moistens  the  dust  particles, 
making  them  heavier. 

HIGH-SPEED  ENGINES 
Automobile  Engines 

General  Characteristics.  Automobile  engines  are  generally 
vertical  multicylinder  four-cycle  engines  designed  to  run  at  speeds 
of  800  revolutions  per  minute  or  over,  with  short  strokes,  jump-spark 
ignition,  mechanically  operated  inlet  valves,  using  gasoline  as  a  fuel, 
and  developing  not  more  than  15  horsepower  per  cylinder  at  800 
revolutions.  The  power  is  usually  controlled  by  throttling  with  hand 
adjustment. 

The  horizontal  arrangement  is  used  sometimes  with  two  opposed 
cylinders— that  is,  horizontal  cylinders  lying  on  opposite  sides  of  the 
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crankshaft  and  with  their  cranks  at  180°.  Two-cycle  engines  are 
also  used  occasionally,  but,  so  far,  have  not  met  with  much  favor  in 
automobile  practice.  The  standard  practice  is  to  use  either  four  or 
six  cylinders  arranged  in  a  vertical  row,  and  usually  with  the  cylinders 


TVKO  CYL/NDER 
CRANK'S  AT 360° 


TNREE  CYL/NDER 
CRANKS  AT  /ZO° 
F/RED  /-3-R 


' F/RED  1-3  -A  Z 


SIX  CYL/NDER Q 
CRANKS  AT  1ZO 
F/RED  1-  5-3-  6-2-4- 


OPPOSED  CYL^ffixJ?°ffjgo/oTAL 


Fig.  71.  Arrangement  of  Multicylinder  Four-Cycle  Engine  for  Best  Balancing 

cast  in  pairs.  Although  cylinders  cast  in  triplets  and  “en  bloc”— all 
the  cylinders  of  the  motor  cast  integrally — are  common. 

With  four  cylinders  an  explosion  is  obtained  twice  every  revolu¬ 
tion  of  the  crankshaft,  so  that  the  motor  strokes  come  as  frequently 
as  in  a  double-acting  steam  engine;  with  six  cylinders  there  are  three 
explosions  per  revolution.  The  explosions  are  made  to  take  place  in 
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Ihat  order  which  gives  the  best  balancing  to  the  engine-that  is 
wbch  wi  give  greatest  freedom  from  vibration  of  the  engine  as  a 

\  °  l!i  kWlth  a  f°Ur'€yllnder  engine,  the  cranks  of  cylinders  1  and  4 
should  be  together  and  at  180“  to  the  cranks  of  cylinders  2  and  3; 
the  order  of  firmg  in  the  four  cylinders  should  be  1,  3,  4,  2  This  is 
shown  in  the  diagram,  Fig.  71,  together  with  the  best  arrangement  of 
cranks  and  order  of  firing  for  other  multicylinder  four-cycle  engines. 

assification  According  to  Valve  Arrangement.  There  are 
several  standard  arrangements  of  the  poppet  valves  in  automobile 
engines.  The  classification  of  the  various  arrangements  is  as  follows: 

Ihe  two  valves  may  be  on  one  side  of  the  cylinder — “L”  Head 
Motor. 

On  opposite  sides  of  the  cylinder— “T”  Head  Motor. 

In  the  head,  or  else  one  on  the  side  and  one  in  the  head— Over- 
head  Valve  Motor. 

The  following  examples  are  representative  of  the  various  types  of 
motors  and  show  the  best  present-day  practice. 

Four-Cylinder  “L”  Head  Motor.  This  motor,  shown  in  Fig  72 
is  a  four-cylinder  “en  bloc”  “L”  head  motor.  The  cylinders,  valve 
chamber,  inlet  manifold,  water  jacket,  and  cylinder  heads  are  cast 
integral,  the  cylinder  heads  being  reinforced  by  cross  ribs.  The 
cylinders  and  valve  passages  are  entirely  water-jacketed,  and  a  drain 
cock,  situated  at  the  lowest  level,  permits  complete  drainage.  The 
water  inlet  is  situated  directly  underneath  the  exhaust  valves. 
The  top  plate  cover  for  the  cylinder-head  jacket,  is  of  bronze  or 
aluminum  and  forms  the  outlet  through  which  the  water  passes  to 
the  radiator.  This  opening  on  top  of  the  cylinders  greatly  facilitates 
the  production  of  perfect  and  uniform  castings,  and  also  the  removal 
of  all  core  sand.  The  valve  covers  are  screwed  into  the  top  of  the 
cylinder  with  an  asbestos-filled  copper  gasket  on  the  seat  of  the  cap. 

The  pistons  are  made  of  the  same  grade  and  quality  of  cast  iron 
as  the  cylinders  and  are  slightly  tapered.  Each  piston  is  fitted  with 
rings  of  semi-steel,  and  is  provided  with  four  oil  grooves.  The  piston 
rings  are  ground  on  the  two  sides  and  fit  accurately  into  the  grooves. 
The  wrist  pin  is  of  hollow  tool  steel,  ground  and  hardened,  and  is 
fastened  to  the  connecting  rod  by  means  of  a  bolt.  This  gives  a  wider 
bearing  surface,  because  the  bearing  is  in  the  piston  bosses  instead  of 
m  the  connecting  rod. 
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Fig.  72.  Typical  “L”  Head  4-Cylinder  Automobile  Engine^ 
Courtesy  of  Wisconsin  Motor  Manufacturing  Company,  Milwaukee,  Wisconsin 
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The  inlet  and  exhaust  valves  are  interchangeable.  The  valve-rod 
guides  are  of  cast  iron,  and  are  very  long,  thus  preventing  the  gas  from 
escaping  when  the  exhaust  valves  are  open,  and  also  preventing  the 
incoming  charge  from  being  diluted  by  the  suction  of  air. 

The  valves  are  cooled  by  bringing  the  jacket  as  close  as  possible 
to  the  valve  seats.  The  cooling  is  also  aided  by  placing  the  water 
mlet  directly  beneath  the  exhaust  valves.  The  inlet  manifold  is  cast 
integral  with  the  cylinders,  and  is  separated  from  them  by  the  water 
jacket.  The  exhaust  manifold,  made  of  malleable  iron  having  a 
gradual  taper  and  provided  with  fins  to  aid  in  the  cooling,  is  bolted 
to  the  side  of  the  cylinder  casting. 

The  upper  half  of  the  crankcase  is  a  single  aluminum  casting 
reinforced  by  cross  ribs.  Crankshaft  bearings  are  supported  by  webs 


Fig.  73.  Oiling  System  of  Wisconsin  Motor 
Courtesy  of  Wisconsin  Motor  Manufacturing  Company,  Milwaukee,  Wisconsin 

extending  through  the  entire  depth  of  the  case  and  are  held  in  place 
by  through  bolts,  which  are  entirely  independent  of  the  lower  case. 

Oil  is  pumped  by  means  of  a  gear  pump  located  on  the  outside  of 
the  lower  crankcase  and  driven  by  a  pair  of  gears  from  the  camshaft. 
As  shown  in  Fig.  73,  the  oil  is  forced  to  a  main  duct  cast  integral  with 
the  crankcase,  and  from  there  distributed  by  means  of  smaller  ducts 
to  the  main  bearings.  It  goes  through  ducts  in  the  crankshaft  to  the 
connecting-rod  bearings,  from  which  a  sufficient  amount  of  oil  is 
thrown  off  to  oil  the  pistons  and  camshaft,  both  of  which  are  provided 
with  oil  pockets. 

Four-Cylinder  “T”  Head  Motor.  In  Fig.  74  is  shown  a  trans¬ 
verse  section  through  one  cylinder  of  a  four-cylinder  “T”  head  motor, 
with  the  cylinders  cast  in  pairs.  Each  pair  of  cylinders,  the  valve 
chambers,  water  jacket,  and  cylinder  heads  are  cast  integral.  The 
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top  plate  cover  for  each  pair  of  cylinder-head  jackets  is  provided  with 
a  flanged  opening  at  its  center,  which  serves  as  the  outlet  through 
which  the  water  passes  to  the  discharge-water  manifold,  and  from 
there  to  the  radiator.  This  motor  is  especially  built  for  truck  service, 


Fig.  74.  Transverse  Section  of  Typical  “T”  Head  4-Cylinder  Engine 
Courtesy  of  Wisconsin  Motor  Manufacturing  Company ,  Milwaukee ,  Wisconsin 


and  is  fitted  with  a  centrifugal  governor  acting  on  a  throttle  valve  in 
the  inlet  manifold,  so  that  the  truck  cannot  be  driven  in  excess  of  the 
speed  at  which  the  governor  is  set. 

The  oiling  system  shown  in  Fig.  75  differs  from  that  shown  in 
Fig.  73  in  several  important  features.  The  lower  half  of  the  crank- 
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case  is  divided  into  two  horizontal  compartments,  the  upper  com¬ 
partment  being  of  pressed  steel.  The  lower  compartment  carries  the 
oil  supply  and  contains  the  gear  oil  pump.  The  upper  compartment 
contains  the  oil  which  is  used  for  the  splash  oiling,  the  amount  of  oil 
being  carried  automatically  at  the  same  level  at  all  times  by  means  of 
standpipes  of  fixed  height  which  connect  the  upper  and  lower  com¬ 
partments.  The  oil  pump  handles  more  oil  all  the  time  than  can  be 
consumed  in  the  proper  lubrication  of  the  parts,  the  excess  oil  return¬ 
ing  from  the  upper  compartment  through  the  standpipes  to  the  lower. 
The  main  bearings,  the  camshaft  gears,  and  the  walls  of  each  cylinder 
are  oiled  through  ducts,  as  in  the  previous  system,  directly  from  the 
pump.  The  connecting  rod  and  camshaft  bearings,  and  the  cylinder 


Fig.  75.  Oiling  System  of  National  “40”  Motor 
Courtesy  of  National  Motor*  Vehicle  Company,  Indianapolis,  Indiana 


walls  to  some  extent,  are  oiled  by  splash  from  the  connecting  rods. 
These  rods  carry  dippers  on  their  lower  ends  which  dip  into  the  oil  in 
the  upper  compartment. 

Overhead  Valve  Motor .  When  the  valves  are  placed  on  top,  it 
is  necessary  to  use  levers  between  the  push  rods  and  the  valves,  with 
some  such  arrangement  as  that  shown  in  Fig.  76.  The  engine  shown 
in  Fig.  77  has  both  valves  in  the  head.  The  valves  are  operated  by 
push  rods  through  rocker  arms  fulcrumed  on  the  cylinder  head.  This 
motor  is  also  noteworthy  from  the  fact  that  it  is  air-cooled.  The 
cylinders  are  cast  integrally  of  vanadium  iron  with  radial  fins  running 
lengthwise  of  the  cylinder.  Each  cylinder  is  jacketed  by  means  of  a 
band  of  sheet  iron  around  the  outside  of  the  fins,  and  the  upper  part  of 
of  the  engine  is  shut  off  from  the  lower  part  by  a  horizontal  bulkhead, 
so  that  the  only  communication  between  the  upper  and  the  lower 
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compartments  is  through  the  space  between  the  cylinder  walls  and 
the  jacket  around  the  outside  of  the  fins.  Thus,  if  a  current  of  air  is 
caused  to  flow  from  the  upper  to  the  lower  compartment,  the  fins  are 
cooled  by  the  air  current.  When  placed  in  the  chassis,  the  engine  is 
located  in  an  air  chamber  formed  by  the  engine  boot  and  hood,  the 
only  exit  from  which  is  through  the  flywheel,  and  the  only  entrance  to 
which  is  through  the  area  around  each  cylinder.  A  “sirocco”  suction 

fan  is  built  into  the  flywheel,  and 
when  the  flywheel  rotates,  a  par¬ 
tial  vacuum  is  created  in  the 
lower  compartment.  Large  quan¬ 
tities  of  air  are  then  forced  by 
atmospheric  pressure  in,  down, 
and  around  each  cylinder  to  take 
the  place  of  the  air  exhausted  by  j 
the  fan. 

Silent  Knight  Sleeve=Valve 
Motor.  Previous  to  1908,  the 
only  form  of  valve  that  had 
proved  commercially  successful 
on  internal-combustion  motors 
with  the  exception  of  valveless  j 
motors  in  which  the  piston  acts 
as  a  valve — was  the  poppet  valve. 
Slide  valves  and  all  the  different 
forms  of  valves  used  in  steam 
engines,  including  flat-slide,  pis- 
ton,  and  rotary  valves,  were  at 
one  time  or  another  applied  to 
internal-combustion  engines,  but 
never  in  the  long  run  proved  com¬ 
mercially  successful.  In  1908,  Charles  Y.  Knight,  of  Chicago,  induced 
the  Daimler  Motor  Company  of  Coventry,  England,  to  take  up  a 
motor  of  his  invention  in  which  the  valve  functions  are  performed  by 
two  ported  sliding  sleeves,  one  within  the  other,  and  both  between  the 
piston  and  the  cylinder  wall.  The  two  sleeves  are  reciprocated  by  a 
half-speed  shaft  carrying  small  cranks  equal  in  number  to  the  sleeves. 
This  motor  has  since  proved  very  successful,  and  has  been  taken  up  by 


Fig.  76.  Section  Through  Valves,  Overhead 
Valve  Automobile  Engine 
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Fig.  77.  Side  and  End  Views  of  Franklin  Air-Cooled,  Overhead  Valve  Motor 
Courtesy  of  H.  H.  Franklin  Manufacturing  Company,  Syracuse,  New  York 
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leading  automobile  manufacturers  in  different  European  countries 
and  in  the  United  States. 

Action  of  Sleeve  Valves.  In  Figs.  78  and  79  two  Knight  motors 
made  by  different  concerns  are  shown,  which  differ  only  in  details  of 
design.  The  Knight  motor  is  a  four-cycle  gasoline  engine  in  which 


Fig.  78.  Transverse  Section  of  Stearns-Knight  Sleeve-Valve  Motor 
Courtesy  of  F.  B.  Stearns  Company ,  Cleveland,  Ohio 


the  usual  poppet  valves  have  been  replaced  by  two  concentric  sleeves, 
which  slide  up  and  down  between  the  walls  of  the  piston  and  cylinder. 
Each  of  these  sleeves  has  ports  or  slots  cut  on  opposite  sides.  These 
slots  in  the  inner  and  outer  sleeves  register  with  one  another  at  proper 
intervals,  producing  large  and  direct  openings  into  the  combustion 
chamber  from  the  exhaust  and  inlet  ports.  The  cylinder  head  is 
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detachable  and  part  of  it  extends  into  the  cylinder  for  quite  a  distance. 
However,  it  has  a  smaller  diameter  than  the  cylinder  bore,  so  that 
the  two  sleeves  may  enter  between  it  and  the  cylinder  wall.  Since 
there  are  no  valve  passages  between  the  valves  and  the  cylinder  bore, 
the  combustion  chamber  is  made 
nearly  spherical  by  making  the 
cylinder  head  and  piston  head 
concave  or  bowl-shaped.  The 
two  sleeves  are  independently 
operated  by  small  connecting 
rods  working  from  an  eccentric 
shaft  running  lengthwise  of  the 
motor.  This  eccentric  shaft  is 
positively  driven  by  a  chain  at 
one-half  the  speed  of  the  crank¬ 
shaft.  The  connecting  rods  are 
fastened  to  the  sleeves  by  pins 
through  lugs  formed  on  the  lower 
ends  of  the  sleeves,  giving  a  drive 
which  is  unsymmetrical  or  one¬ 
sided,  but  which  has  no  bad 
effect,  owing  to  the  long  bearing 
of  the  sleeves.  The  connecting 
rods  for  the  two  sets  of  sleeves 
are  of  different  lengths,  and  usu¬ 
ally  they  are  inclined,  i.e.,  a  ver¬ 
tical  axis  drawn  through  the  cen¬ 
ter  of  the  eccentric  shaft  lies 
outside  of  the  pins  connecting  the 
rods  to  the  sleeves.  The  sleeves 
are  strengthened  by  circumfer¬ 
ential  flanges  at  the  lower  ends, 
above  and  below  the  driving  lugs. 

Packing  Rings.  Gas  tightness  is  insured  by  two  sets  of  packing 
rings,  one  set  of  three  or  four  being  placed  on  the  piston  in  the  usual 
way,  and  the  other  set  on  that  portion  of  the  cylinder  head  which 
extends  into  the  cylinder  and  is  surrounded  by  the  valve  sleeves. 
The  latter  set  comprises  one  unusually  broad  ring  at  the  bottom 


Fig.  79.  Transverse  Section  through 
Moline-Knight  Sleeve-Valve  Motor 
Courtesy  of  Moline  Automobile  Company, 
East  Moline,  Illinois 
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Exhaust  Opens 
Position  5 


Exhaust  Open 
Position  6 


Exhaust  Closes 
Position  T 


Fig.  80.  Valve  and  Piston  Positions  for  Stearns-Knight  Motor 
Courtesy  of  F.  B.  Stearns  Company,  Cleveland,  Ohio 
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known  as  the  junk  ring,  and  two  or  three  rings  above  it  of  the  same 
dimensions  as  used  on  the  piston.  The  object  of  the  junk  ring  is  to 
seal  the  ports  in  the  valve  sleeves  while  the  explosion  takes  place  and 
the  gases  expand  in  the  cylinder.  This  ring,  therefore,  must  be  made 
of  greater  width  than  the  height  of  the  ports.  Each  port  extends 
substantially  one-third  of  the  distance  around  the  cylinder  and  is 
provided  with  a  bridge  at  the  middle  of  its  length  so  as  to  prevent 
undue  weakening  of  the  sleeve. 

Position  of  Sleeves  at  V arious  P oints  in  Cycle.  The  eccentric 
driving  the  inner  sleeve  is  given  a  certain  lead  or  advance  over  that 
operating  the  outer  sleeve— from  60°  to  90°.  This  lead,  together  with 
the  rotation  of  the  eccentric  shaft  at  half  the  crankshaft  speed,  pro¬ 
duces  the  valve  action  illustrated  in  Fig.  80,  which  shows  the  relative 
position  of  the  piston,  sleeves,  and  cylinder  ports  at  various  points  in 
the  rotation  of  the  crankshaft. 

Position  1  shows  the  inlet  just  opening.  The  port  or  slot  in  the 
inner  sleeve  is  coming  up,  the  port  in  the  outer  sleeve  is  going  down, 
and  the  passage  for  the  incoming  gas  is  a  rapidly  increasing  space 
between  the  upper  edge  of  the  slot  in  the  inner  sleeve  and  the  lower 
edge  of  the  slot  in  the  outer  sleeve. 

Position  2  shows  the  inlet  full  open.  Both  slots  have  come 
exactly  opposite  each  other  and  the  mouth  of  the  inlet  port  in  the 
cylinder. 

Position  3  shows  the  closing  of  the  inlet.  The  cylinder  is  now 
charged  with  gas  and  ready  for  the  compression  stroke. 

Position  4  shows  the  position  of  the  sleeves  at  the  top  of  the  com¬ 
pression  stroke;  the  compression  space  in  the  cylinder  is  completely 
sealed  by  the  rings  in  the  head  and  the  rings  in  the  piston.  The 
explosion  takes  place  at  this  point. 

Position  5  shows  the  exhaust  valve  just  starting  to  open.  The 
slot  in  the  outer  sleeve  is  coming  up  and  the  slot  in  the  inner  sleeve 
is  going  down. 

Position  6  shows  the  exhaust  full  open.  Both  slots  have  come 
opposite  each  other  and  the  exhaust  port  in  the  cylinder. 

Position  7  shows  the  closing  of  the  exhaust  opening,  and  is  prac¬ 
tically  identical  with  Position  1.  The  four  cycles  or  strokes  of  the 
engine,  i.e.,  suction,  compression,  explosion,  and  exhaust,  have  now 
been  completed;  the  crankshaft  has  turned  twice,  the  eccentric  shaft 
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has  driven  the  sleeves  up  and  down  once,  and  the  cycle  of  operation  is 
now  ready  to  be  repeated. 

Timing.  The  timing  shown  is  not  different  from  that  ordinarily 
used  in  poppet-valve  engines,  but  the  valve  area  is  greater  than  that 
of  an  ordinary  poppet  valve.  The  equivalent  of  increased  valve  area 
is  gained,  also,  by  the  directness  of  the  valve  opening  and  the  absence 
of  restrictions  in  the  gas  passages. 

Advantages  of  Knight  Construction.  The  two  chief  advantages 
claimed  for  the  Knight  motor  are,  first,  its  high  output  for  given 
cylinder  dimensions,  which  is  due  to  the  directness  of  the  path  of  air 
into  the  engine;  large  area  and  rapid  opening  and  closing  of  the  valve 
ports ;  absence  of  heating  of  the  charge  by  passing  over  heated  valves 
and  valve  pockets;  and  to  the  favorable  form  of  the  compression 
chamber,  with  the  spark  plug  located  in  the  center  of  the  head.  The 
second  advantage  is  the  silence  in  operation,  and  the  fact  that  the  valve 
timing  and  the  efficiency  of  valve  operation  are  not  affected  by  run¬ 
ning  for  long  periods,  in  fact,  it  is  found  that  the  compression  of  a  new 
engine  is  improved  by  running,  due  to  carbon  filling  up  inequalities 
made  in  machining  the  sleeves,  cylinder,  and  head.  Another  advan¬ 
tage  is  the  small  jacket  loss  due  to  a  combustion  chamber  with  a 
minimum  wall  area  and  a  minimum  exhaust-wall  area. 

The  silence  in  operation  at  all  speeds  is  due  to  the  fact  that  the 
valves  are  closed  as  well  as  opened  positively. 

If  great  power  and  high  speeds  are  desired  in  the  poppet-valve 
motor,  high  compression,  large  valves,  strong  springs,  and  steep  cams 
are  employed,  producing  a  noisy  motor. 

Large  valves  and  their  seats  are  liable  to  warp  or  to  be  pounded 
out  of  shape  under  the  combined  action  of  high  temperature  and  the 
impact  from  strong  springs.  The  pressure  exerted  by  the  spring 
sometimes  reaches  300  pounds. 

With  the  sleeve  valve,  the  efficiency  and  durability  of  the  engine 
are  not  affected  by  high  pressures.  The  sleeve  valve  is  balanced 
against  lateral  pressure,  and  the  explosion  does  not  affect  or  shock 
it  at  any  point.  The  ports  are  large,  and  the  action  of  the  motor  is 
not  affected  adversely  by  their  large  size. 

Most  of  the  time,  during  which  the  pressure  in  the  cylinder  is 
considerable,  the  sleeves  travel  in  the  same  direction  as  the  piston, 
thereby  minimizing  the  power  required  for  moving  the  sleeves.  Fig. 


152 


GAS  AND  OIL  ENGINES  143 

81  shows  that  both  sleeves  move  up  with  the  piston  during  the  com¬ 
pression  stroke,  and  that  the  inner  sleeve  moves  down  with  the 
piston  during  the  power  stroke.  The  outer  sleeve,  however,  moves  in 
opposition  to  the  piston  during  the  power  stroke.  Mr.  Knight  states 
that  tests  made  on  a  six-cylinder  75-horsepower  motor  showed  that  2 
horsepower  was  required  for  driving  the  half-speed  shaft. 

Lubrication.  The  early  Knight  motors  depended  entirely  upon 
splash  lubrication  for  their  oiling.  The  engine  shown  in  Fig.  78,  the 
oiling  system  of  which  is  shown  in  Fig.  82,  has  a  combined  splash- 
and  pressure-feed-lubrication  system.  Crankshaft  bearings,  pump- 


Jn  Center 


o  ?5/0  soy,  rsy9  o.o  zs%  50%  75%  /o  zs%  50%,  75%  o.o  spy  ts%  t.o 
Percentage  of  Piston  Travel 

Fig.  81.  Valve  Action  of  Knight  Motor,  Showing  Effective  Port  Opening 
for  Different  Piston  Positions 


shaft  bearings,  and  the  silent  chains  driving  the  eccentric  shafts,  are 
fed  from  the  pressure  system.  Dippers  secured  to  the  heads  of  the 
connecting  rods  splash  into  oil  troughs  located  under  the  connecting 
rods  and  form  a  mist  of  oil  which  is  thrown  on  to  the  connecting-rod 
and  wrist-pin  bearings,  the  pistons,  sleeves  and  sleeve  connecting 
rods,  and  eccentric  shaft  bearings.  The  troughs  are  so  arranged  that 
they  are  raised  and  lowered  as  the  throttle  is  opened  and  closed, 
respectively,  so  that  the  higher  the  speed  the  deeper  the  dippers  on 
the  connecting  rods  splash  below  the  surface  of  the  oil  in  the  troughs. 
The  motor  shown  in  Fig.  79  is  lubricated  by  a  pressure-feed  system. 
The  flow  of  oil  delivered  under  pressure  is,  determined  by  a  valve 
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Fig.  82.  Oiling  System  of  Stearns-Knight  Motor 
Courtesy  of  F.  B.  Stearns  Company,  Cleveland,  Ohio 
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which  is  so  connected  as  to  open  and  close  with  the  throttle.  There 
are  no  oil  grooves  in  any  of  the  crankshaft  bearings. 

The  motors  depending  upon  splash  lubrication  for  the  sleeves 
have  numerous  oil  holes  drilled  in  the  pistons,  so  that  the  splash  may 
pass  through  to  the  sleeves.  All  Knight  motors,  as  made  in  this 
country,  have  oil  holes  in  the  sleeves,  so  that  oil  may  pass  from  the 
inner  to  the  outer  sleeve,  and  from  there  to  the  cylinder  wall.  This 
is  the  case  whether  the  lubrication  system  is  splash  or.  pressure. 
The  sleeves,  in  every  case,  have  oil  grooves  cut  on  the  outer  surface 


Fig.  83.  Sleeves  of  Moline-Knight  Motor 
Courtesy  of  Moline  Automobile  Company ,  East  Moline,  Illinois 

by  which  the  oil  is  distributed  around  the  circumference.  The  forms 
of  the  inner  and  outer  sleeves,  showing  the  various  systems  of  oil¬ 
grooving,  are  shown  in  Fig.  83. 

The  oil  works  between  the  sleeves,  between  the  outer  sleeve  and 
the  cylinder  wall,  and  between  the  inner  sleeve  and  the  piston,  aided 
by  the  suction  in  the  ports  during  the  inlet  stroke.  The  upper  end 
of  the  sleeves,  above  the  ports,  are  lubricated  by  the  suction  on  top  of 
the  sleeves  between  the  cylinder  wall  and  head,  due  to  the  downward 
movement  of  the  sleeves  during  the  exhaust  and  the  first  part  of  the 
suction  strokes.  . 

Fig.  84  shows  a  part  sectional  view  of  a  Knight  motor,  having 
one  cylinder  intact,  the  next  with  the  cylinder  wall  cut  away  to  show 
the  outer  sleeve,  the  third  with  the  outer  sleeve  cut  away  showing  the 
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inner,  and  the  last  with  the  inner  sleeve  cut  away  showing  the  piston 
and  the  cylinder  head  cut  on  the  center  line  showing  its  cross  section. 

Automobile  Motor  Rating.  The  formula  for  the  brake  horse¬ 
power  (b.h.p.)  of  an  engine-has  been  given  in  the  section  on  “Ther¬ 
modynamics”.  Several  empirical  formulas  have  been  devised  for 
small  high-speed  engines,  which  give  fairly  accurate  results  if  the 
engine  under  consideration  is  of  the  same  dimensions,  has  the  same 
shape  of  combustion  chamber,  and  operates  under  the  same  condi¬ 
tions  as  the  engines  from  which  the  empirical  constants  were  obtained. 
Four-Cycle  formulas: 

Institution  of  Automobile  Engineers  (Great  Britain)  formula 
b.h.p  — 0.45  (D  — 1.18)  (L+D) 

A.L.A.M  rating  formula 

D2N 

Roberts’  formula 


b.h.p.  = 


D2LNR 


Royal  Auto  Club  formula 


b.h.p.  = 


18,000 

(D+L)2N 

9.92 


In  these  equations,  D  is  the  piston  diameter  in  inches;  L  is  the  stroke 
in  inches;  R  is  the  revolutions  per  minute;  and  N  the  number  of 
cylinders. 

The  first  of  these  formulas  is  intended  to  give  the  maximum 
horsepower  which  can  safely  be  obtained  from  an  engine  of  given 
cylinder  dimensions  under  the  most  favorable  conditions;  the  second 
is  intended  to  give  the  power  when  the  motor  is  running  with  a  pis¬ 
ton  speed  of  1000  feet  per  minute,  a  nominal  speed  which  can  be 
exceeded  by  most  motors.  The  first  formula  gives  the  highest  results, 
the  second  the  lowest,  the  third  gives  results  which  very  closely 
approximate  the  actual,  and  the  fourth  is  an  average  between  the 
first  and  second. 

Racing-Boat  Formulas.  The  following  formulas  for  high-speed 
racing-boat  engines  of  the  four-cycle  type,  are  based  on  1000  feet 
per  minute  piston  speed.  For  engines  of  ordinary  design,  two-thirds 
of  the  above  values  should  be  taken;  10  per  cent  should  be  added  to 
the  ratings  if  the  charge  is  forced  into  the  cylinders  by  any  mechan¬ 
ical  device. 
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American  Power 


Boat  Association 


h 


•P-  = 


1FN 

2.5338 


For  motors  of  less  than  6-inch  stroke 


h.p.  = 


D2LN 

15.20 


CYLINDER  PISTON 


Two-Cycle  Formulas.  Three  formulas  for  two-cycle  racing-boat 
engines,  the  first  by  Roberts,  and  the  next  two  by  the  A.  P.  B.  A., 
are  as  follows: 


h.p. 

h.p. 

h.p. 


D2LRN 

13,500 

D2N 

2.1008 

D2LN 

12.987 


Fig.  86.  Ferro  Two-Cycle  Marine  Motor 
Courtesy  of  Ferro  Machine  and  Foundry  Company ,  Cleveland,  Ohio 

use  of  two-cycle  engines  for  small  powers  in  motor  boats.  Where 
four-cycle  engines  are  used,  they  do  not  differ  appreciably  from 
automobile  engines,  except  that  they  are  very  generally  made 
stronger  and  heavier,  and  often  of  larger  size  and  lower  speed.  The 
use  of  two-cycle  engines  is  more  prevalent  in  marine  practice  than  in 
stationary  practice,  because  of  the  fact  that  the  increased  power  for 
a  given  weight  of  a  two-cycle  motor  is  of  more  importance  than  the 
increased  fuel  consumption.  The  motors  shown  in  Figs.  85,  86,  and 
87  are  most  frequently  used  in  pleasure  boats. 
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The  preceding  formulas  by  the  American  Power  Boat  Associa¬ 
tion  are  only  for  racing-boat  engines.  For  ordinary  two-cycle  boat 
engines,  two-thirds  of  the  value  resulting  from  the  use  of  these  for¬ 
mulas  should  be  taken. 

Marine  Engines 

Increased  Use  of  Two=Cycle  Motors.  The  principal  difference 
between  marine  and  automobile  practice  is  in  the  much  more  extended 
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Motor  with  Extra  Ports.  The  motor  shown  in  Fig.  85  has  a 
second  port  controlled  by  a  valve  which  is  valuable  for  giving  good 
control  at  low  speed  and  which  makes  for  easy  starting,  and  a  third 
port  which  is  uncovered  near  the  top  of  the  piston  stroke,  which 
increases  the  pressure  of  the  charge  in  the  cylinder  and  consequently  is 


Fig.  87.  Sectional  View  of  Caillie  Portable  Motor 
Courtesy  of  Caillie  Perfection  Motor  Company,  Detroit,  Michigan 


valuable  in  increasing  the  power,  particularly  at  high  speeds.  The  by¬ 
pass  plate  in  the  transfer  port  carries  a  device  to  prevent  back-firing 
in  the  crankcase;  it  works  on  the  same  principle  as  the  miner’s  lamp. 

Rowboat,  or  Portable,  Motor.  The  motor  shown  in  Fig.  87  is 
a  recent  development  for  rowboats.  The  horizontal  flywheel  in  this 
type  of  motor  has  a  gyroscopic  effect  and  aids  in  steadying  the  boat. 
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Aeronautical  Motors 

Characteristics  of  Light  Weight  and  High  Reliability.  This 
type  of  motor  differs  from  other  high-speed  motors  in  that  the  weight 
for  the  power  developed 
must  be  a  minimum,  while 
the  reliability  must  be  a 
maximum.  The  cost  of  man¬ 
ufacture  is  relatively  unim¬ 
portant,  consequently  many 
refinements  of  construction 
are  available  which  could  not 
be  considered  for  the  other 
high-speed  engines.  For  in¬ 
stance,  pistons  are  finished 
all  over,  cylinders  often  ma¬ 
chined  from  a  bar  of  solid 
steel,  and  the  connecting 
rods  drilled  out  to  reduce  the 
weight  as  far  as  possible.  In 
addition  to  this,  extremely 
short  strokes  and  a  saving 
in  crankcase  and  crankshaft 
weight  by  so  arranging  the 
cylinders  -that  the  same 
crankshaft  and  crankcase 
serve  two  or  more  rows  of 
cylinders  and  reduce  the 
weight  to  as  low  as  1.75 
pounds  per  horsepower. 

Arrangement  of  Cylin= 
ders.  The  most  usual  ar¬ 
rangements  of  the  cylinders 
are  shown  in  Fig.  88,  where 
(a)  is  the  V-type,  (b)  the  fan 
type,  and  (c)  the  radial  or 
star  type.  The  V-type  is  the  most  common,  the  number  of  cylin¬ 
ders  running  as  high  as  twenty-four.  An  example  of  an  eight- 
cylinder  Curtiss  motor  of  this  type  is  shown  in  Fig.  89.  The  radial 


Fig.  88.  Typical  Cylinder  Arrangements  for 
Aeronautical  Motors 
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Fig.  89.  Curtiss  90-100  H.  P.  Model  O-X  Motor 
Courtesy  of  Curtiss  Motor  Company,  Hammondsport,  New  York 


Fig.  90.  Gnome  Seven-Cylinder  Revolving  Motor 


type  may  have  either  the 
cylinders  stationary  and  the 
crankshaft  revolving,  or  the 
crankshaft  stationary  and  the 
cylinders  revolving.  In  the 
latter  case  a  heavy  flywheel 
effect  is  obtained  without  the 
use  of  a  flywheel.  The  best- 
known  example  of  this  type  is 
the  Gnome  motor,  shown  in 
Fig.  90,  a  motor  which  has 
probably  been  more  widely 
used  for  aviation  work  than 
any  other.  The  rapid  rota¬ 
tion  of  the  cylinders  and  the  use 
of  fins  on  their  outsides  makes 
adequate  air-cooling  easy. 
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LOW-PRESSURE  OIL  ENGINES 

Characteristics.  The  field  for  the  use  of  the  oil  engine  is  very 
extended.  It  is  the  most  compact  of  the  heat  engines,  requiring 
nothing  equivalent  to  boiler  or  gas  generator,  and  consequently  is 
inherently  the  most  suitable  for  purposes  of  transportation.  Its 
extensive  adoption  in  stationary  plants  is  being  followed  by  its  appli¬ 
cation  to  locomotives  and  to  large  vessels.  The  absence  of  boiler  and 
of  gas-generator  losses  makes  it  both  potentially  and  actually  the 
most  efficient  of  all  heat  engines. 

Oil  engines  in  which  the  fuel  is  gasified  in  external  vaporizers 
do  not  differ  from  gas  engines  as  far  as  the  engine  itself  is  concerned. 


Fig.  91.  Longitudinal  Section  of  Hornsby-Akroyd  Oil  Engine 
Courtesy  of  De  La  Vergne  Machine  Company,  New  York  City 


Any  gas  engine  may  be  fitted  with  an  external  vaporizer  if  the  com¬ 
pression  is  not  so  high  as  to  pre-ignite  the  charge.  Consequently,  only 
those  engines  in  which  the  fuel  is  vaporized  within  the  cylinder  will 
be  here  described. 

De  La  Vergne  Type  H.  A.  Oil  Engines.  Figs.  91  and  92  show 
longitudinal  and  transverse  sections,  respectively,  of  this  engine. 

Valorizing  Apparatus.  The  vaporizer  in  this  engine  has  been 
schematically  shown  in  Fig.  37a  and  described  on  page  83.  The 
vaporizer  consists  of  two  parts — the  vaporizer  jacket  and  the  vapor¬ 
izer  cap.  The  vaporizer  jacket  is  bolted  to  the  cylinder  head  and 
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connects  with  the  cylinder  through  a  narrow  passage;  the  vaporizer 
cap  consists  of  an  unjacketed  gun-iron  thimble,  heavily  ribbed  on  the 

inside  to  increase  its  surface,  and 
is  bolted  to  the  vaporizer  jacket. 
The  fuel  is  generally  stored  in  a 
tank  outside  the  powerhouse,  from 
which  it  is  raised  by  a  small  rotary 
pump,  driven  by  the  engine,  to  a 
standpipe  located  near  the  engine 
base.  The  pump  keeps  the  stand¬ 
pipe  filled,  and  an  overflow  pipe  car¬ 
ries  the  surplus  back  to  the  reser¬ 
voir.  The  oil  is  withdrawn  from 
the  standpipe  by  the  oil  pump 
shown  in  the  transverse  section, 
Fig.  92.  Cross  Section  of  Hornsby-  Fig.  92,  and  injected  into  the  vapor- 
Cour^De^^MacHine  izer  during  the  suction  stroke. 

Company ,  New  York  City  The  fe  actuated  by  the  inlet- 


valve  lever,  so  that  the 
two  operations  are  simul¬ 
taneous. 

Regulation.  The  reg¬ 
ulation  is  secured  by 
varying  the  amount  of 
oil  injected  in  proportion 
to  the  load.  The  gov¬ 
ernor  lever  controls  the 
double  by-pass  valve 
shown  in  section  in  Fig. 

93,  and  separates  the  oil 
handled  by  the  pump 
into  two  parts,  one  of 
which  enters  the  vapor¬ 
izer,  while  the  other 
flows  back  to  the  reser¬ 
voir —  the  returning  oil 

may  be  seen  through  the  Fig<  93.  Governor  and  By-Pass  Valve 

gage  glass  in  the  return  Courtesy  of  De  La  Vergne  Machine  Company ,  New  York  City 
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pipe.  When  operating  under  ordinary  conditions  of  load,  the  gov¬ 
ernor  opens  only  the  small  inside  valve.  If  the  engine  should  tend 
to  speed  up,  both  the  small  inside  valve  and  the  large  concentric 
outer  valve  will  be  opened  and  all  of  the  oil  will  be  by-passed  and 
none  of  it  will  be  injected.  This  arrangement  prevents  any  pos¬ 
sibility  of  the  engine  running  away. 

These  engines  operate  successfully  on  kerosene,  any  of  the  crude 
oils  produced  in  the  Eastern  and  Middle  States,  or  nearly  all  of  the 
distillates  and  residual  fuel  oils  24°  Baume  or  lighter. 

The  abrupt  contraction  of  the  vaporizer  neck  prevents  any 
carbon  which  may  be  deposited  in  the  vaporizer  from  getting  into  the 
cylinder.  The  construction  of  the  vaporizer  cap  permits  of  easy 
removal  and  cleaning,  which  should  be  done  at  intervals  of  approxi¬ 
mately  a  week,  depending  upon  the  quality  of  the  fuel  and  the 
load  carried. 

Mietz  and  Weiss  Two=Cycle  Type.  Another  low-pressure  oil 
engine  of  a  slightly  different  type  is  shown  in  Fig.  38  and  described 
on  page  85.  As  this  is  a  two-cycle  engine,  air  is  taken  into  the 
closed  crankcase  from  the  interior  of  the  base  through  the  suction 
port  when  that  is  uncovered  by  the  piston,  near  the  end  of  the  com¬ 
pression  stroke.  The  air  enters  the  cylinder  (after  slight  pre- 
compression  in  the  crankcase)  through  the  air  port  in  the  way  usual 
with  two-cycle  engines.  It  carries  with  it  whatever  steam  has  been 
formed  in  the  jacket,  the  steam  coming  from  the  chamber  E  through 
the  pipe  F  to  the  transfer  port.  The  water  level  in  the  jacket  is  kept 
constant  by  a  float.  The  exhaust  occurs  through  the  port  G  at  the 
same  time  as  the  admission  of  the  charge  through  the  transfer  port, 
the  deflector  plate  on  the  piston  preventing  the  charge  from  blowing 
directly  across  the  cylinder  and  out  of  the  exhaust  port.  The  oil  is 
injected  during  the  compression  stroke  onto  the  projecting  lip  of  the 
hot  bulb  C,  instead  of  into  it,  as  in  the  engine  previously  described. 

Mietz  and  Weiss  Three=Cylinder  Engine.  Fig.  94  gives  a 
section  of  a  three-cylinder  vertical  engine  of  this  type.  The  oil 
distribution  to  the  cylinders  is  obtained  as  follows :  The  oil  pump  is 
driven  from  a  shaft  which  runs  as  many  times  faster  than  the  crank¬ 
shaft  as  there  are  cylinders,  and  is  so  set  that  each  down  stroke  of  the 
plunger  coincides  with  the  upstroke  of  each  piston  in  turn.  The  oil 
is  delivered  from  the  pump  to  a  distributor,  which  runs  at  the  same 
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Fig.  95.  Sectional  Elevation  of  New  Crossley  Oil  Engine 
Courtesy  of  Crossley  Brothers ,  Manchester ,  England 
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speed  as  the  engine  shaft.  This  distributor  consists  of  a  disk  with  one 
port,  through  which  the  oil  passes  on  its  way  from  the  pump  to  the 
cylinders,  and  a  case  which  has  as  many  outlets  for  oil  pipes  as  there 
are  cylinders.  The  distributor  disk  is  so  set  that  it  uncovers  in  turn 
the  oil  outlet  to  the  cylinder  whose  piston  is  on  the  upstroke  while 
the  pump  plunger  is  on  its  down  stroke. 

Crossley  Oil  Engine.  An  English  oil  engine  with  internal 
vaporizer  is  shown  in  Fig.  95  and  a  cross  section  through  the  combus¬ 
tion  chamber  and  vaporizer  is  given  in  Fig.  96.  The  vaporizer  con¬ 
sists  of  a  loose  cover  secured 
in  place  by  a  circular  ring.  It 
is  fitted  with  an  ignition  tube, 
by  the  aid  of  which  the  start¬ 
ing  of  the  engine  can  be 
effected  in  about  five  minutes. 
The  oil  sprayer  is  fitted  in  a 
water-cooled  portion  of  the 
breech  end,  opposite  to  the 
vaporizer.  The  fuel  is  injected 
at  about  the  end  of  the  com¬ 
pression  stroke  in  the  form  of 
finely  divided  spray.  Part  of 
this  passes  through  the  hot 
compressed  air  in  the  com¬ 
bustion  chamber  and  impinges 
on  the  vaporizer.  Ignition 
takes  place  as  the  crank  passes 
the  inner  center,  and  the  piston  is  then  driven  out  on  the  power 
stroke. 

Oil  Pump.  The  oil  pump,  Fig.  97,  consists  of  a  bronze  body 
with  steel  valves  and  fittings.  It  is  worked  by  means  of  a  steel  lever, 
which,  in  turn,  is  operated  by  means  of  a  cam  on  the  side  shaft.  The 
pump,  pump  lever,  and  cam  work  in  an  oil  bath  to  ensure  thorough 
lubrication  and  quiet  action. 

Governing.  The  governing  of  the  engine,  Fig.  97,  is  effected 
by  means  of  a  system  which  varies  the  time  at  which  a  control  valve 
is  opened,  and  through  which  any  oil  not  required  returns  to  the 
suction  side,  of  the  oil  pump.  The  control  valve  is  opened  by  a  wedge 


Fig.  96.  Cross  Section  through  Combustion 
Chamber  and  Vaporizer  of  Crossley  Engine 
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being  interposed  between  the 
end  of  the  control-valve  spin¬ 
dle  and  an  arm  on  the  oil- 
pump  lever.  The  wedge  is 
raised  or  lowered  by  a  cen¬ 
trifugal  governor,  and  the 
time  when  the  control  valve 
is  opened  depends  on  the 
position  of  the  wedge,  the  lat¬ 
ter  in  turn  depending  on  the 
speed  of  the  engine.  An  im¬ 
pulse  takes  place  on  each 
cycle,  and  the  power  of  the 
impulse  is  graduated  accord¬ 
ing  to  the  speed  and  the  load 
on  the  engine. 

The  important  feature 
of  this  gear  is  that  the  oil 
pump,  which  has  a  constant 
length  of  stroke,  always  be¬ 
gins  to  deliver  the  oil  through 
the  oil  sprayer  at  the  same  time 
and  at  the  same  speed,  and  there¬ 
fore  the  spraying  is  equally  effi¬ 
cient  at  all  loads.  Also,  the  actual 
governing  effect  takes  place  at 
the  moment  the  oil  fuel  is  being 
injected  and  burned. 

When  working  on  lighter 
loads,  the  wedge  comes  into  ac¬ 
tion  sooner,  with  the  result  that 
soon  after  the  pump  begins  to  de¬ 
liver  oil  the  control  valve  opens, 
the  injection  of  oil  through  the 
sprayer  suddenly  ceases,  and  the 
pump  delivers  the  remainder  of  the 
oil  through  the  control  valve  back 
to  the  suction  side  of  the  pump. 


Fig.  97.  Oil  Pump  and  Governing  Gear  of 
Crossley  Engine 


Light  Load 


Fig.  98.  Typical  Indicator  Cards  for 
Crossley  Oil  Engine 
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Indicator  Cards.  Fig.  98  shows  indicator  cards  obtained  from 
this  engine.  The  method  of  governing  gives  good  efficiency,  not  only 
at  the  maximum  load,  but  also  at  reduced  loads.  In  a  recent  test  the 
oil  consumption  per  brake  horsepower  per  hour  did  not  vary  more 
than  5  per  cent  above  .44  pound  (.38  pint  or  200  grammes)  from 
maximum  load  to  half-load. 

An  oil  heater  is  used  with  the  more  viscous  oils  for  the  purpose 
of  heating  the  oil  sufficiently  to  make  it  flow  easily  through  the  pipes 
and  pump.  The  heater  is  secured  to  and  heated  by  the  exhaust  pipe. 

DIESEL  OIL  ENGINES 

Diesel  engines,  with  the  exception  of  the  fuel  atomizers,  oil 
pumps,  and  injection  air  compressors,  are  similar  to  gas  engines  in 
details  of  construction,  except  that  they  are  built  heavier  to  with¬ 
stand  the  higher  pressures  obtaining  with  this  cycle.  The  Diesel 
cycle  can  be  carried  out  either  in  four  strokes  or  ip  two  strokes. 

STATIONARY  DIESEL  ENGINES 

Four=Cycle  Type.  Busch-Sulzer  Engine.  In  the  engine  shown 
in  Fig.  99,  the  valves  are  located,  one  over  the  other,  in  a  valve 
chamber  to  the  side  of  the  cylinder.  The  shape  of  the  clearance  space 
resulting  from  this  location  of  the  valves,  together  with  a  flat  piston 
and  cylinder  head,  is  not  as  favorable  to  the  best  combustion  results 
as  a  spherical  shape  would  be.  The  atomizer  is  horizontal  and  is 
shown  in  Fig.  39,  and  described  on  page  88.  The  high-pressure- 
injection  air  is  furnished  by  a  separate  two-  or  three-stage  compressor, 
belt-driven  from  the  engine  shaft  or  motor-driven  as  desired.  The 
engine  is  air-started  by  means  of  a  special  starting  valve. 

Fulton-Tosi  Engine.  The  engine  shown  in  part  in  Fig.  100  has 
an  “A”  frame,  which,  forms  not  only  the  frame  but  also  the  cylinder 
jacket.  The  cylinder  wall  is  formed  by  a  liner  set  into  the  top  of  the 
frame,  thus  making  it  possible  to  use  two  grades  of  iron  especially 
suitable  for  the  purposes  to  which  they  are  put — a  soft  iron  for  the 
frame,  to  insure  a  good  casting;  and  a  hard,  close-grained  iron  for  the 
liner,  to  withstand  the  wear.  This  construction  also  makes  it  possible 
to  replace  the  cylinder  wearing-surface  without  scrapping  a  whole 
cylinder,  and  also  permits  of  longitudinal  expansion  of  the  liner  to 
correspond  to  the  unequal  heating  of  the  jacket  wall  and  cylinder 
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liner.  Both  the  exhaust  and  inlet  valves  are  located  in  the  cylinder 
head.  With  this  construction  the  head  can  be  dished  and,  together 
with  a  dished  piston  head,  forms  a  combustion  chamber  which  is 
nearly  spherical  in  shape.  The  atomizer,  Fig.  40,  is  located  in  a  ver¬ 
tical  position  in  the  center  of  the  head;  this,  with  the  spherical-shaped 
combustion  chamber,  tends  to  promote  the  most  efficient  combustion. 


Fig.  99.  Sectional  View  of  a  Diesel  Oil  Engine 
Courtesy  of  Busch-Sulzer  Brothers-Diesel  Engine  Company,  St.  Louis 


The  fuel- valve  lever  is  mounted  on  an  eccentric  pin ;  by  rotating  this  pin 
to  various  positions,  the  lead  and  length  of  opening  of  the  fuel  valve 
may  be  varied  while  the  engine  is  in  operation  to  secure  quiet  and  eco¬ 
nomical  operation  at  various  loads.  Each  cylinder  is  provided  with  an 
air-operated  starting  valve  to  which  air  is  admitted  by  a  rotary  dis¬ 
tributor  driven  by  the  camshaft.  In  the  larger  sizes,  the  heads  of  the 
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pistons  are  water-cooled— the  water  being  admitted  and  discharge 
from  this  jacket  by  telescope  tubes,  as  shown  in  Fig.  100.  The  cylinder 
is  oiled  by  a  force  feed  pump  delivering  oil  at  four  points  around  the 
bore,  the  timing  of  the  discharge  and  the  level  of  the  points  of  intro- 


Courtesy  of  Fulton  Iron  Works,  St.  Louis,  Missouri 


duction  being  such  that  the  oil  is  forced  in  between  the  packing  rings 
as  the  piston  approaches  the  lower  end  of  the  stroke.  Two-stage 
compressors  are  used  on  the  smaller  sizes  of  engines  and  three-stage 
on  the  larger.  An  inter-cooler  between  the  stages  and  an  after-cooler 
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for  the  discharge  from  the  high-pressure  stage  are  provided.  The  low- 

of  aTcllCfoVh  T  f0'Jrn0r'reRUlate,l  S°  that  °nl^  the 
pression  of  ext  work  “  thUS  the 

Snow  Engine.  The  engine  shown  in  longitudinal  sectional  view  in 

u  I  n  a  I10"20"*'  Sir'gle-aCtinS  four-cycle  Diesel  engine.  The 
jacket  walls  of  the  cylinder  are  formed  by  the  end  of  the  frame  casting, 
am  e  cy  mder  wall  is  formed  by  a  removable  liner  placed  within 
thjs  castmg.  Guides  for  a  crosshead  are  provided  in  the  frame  so 
that  the  cylinder  liner  is  relieved  of  the  wear  due  to  the  thrust  of  the 
connecting  rod. 


Two-Cycle  Type.  The  fact  that  air,  only,  is  admitted  and  com¬ 
pressed  in  a  Diesel  engine  makes  it  peculiarly  adaptable  to  modifica¬ 
tion  to  the  two-cycle  principle  without  loss  of  efficiency.  In  the  Otto 
two-cycle  engine,  scavenging  is  obtained  in  one  of  two  ways,  either 
one  of  which  leads  to  a  loss  of  thermal  efficiency.  In  one,  the  scav¬ 
enging  is  obtained  by  means  of  the  fresh  mixture,  in  which  case  the 
scavenging  is  either  incomplete,  leading  to  loss  of  efficiency  because 
of  the  presence  of  the  unexpelled  exhaust  gases  in  the  fresh  mixture, 
or  it  is  complete,  with  the  result  that  some  of  the  mixture  is  lost  out 
of  the  exhaust  port,  as  it  is  practically  impossible  to  close  the  exhaust 
at  exactly  the  right  instant.  The  other  means  of  scavenging  is  to 
force  the  exhaust  gases  out  by  a  blast  of  scavenging  air  before  the 
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admission  .( the  *•  *»  ““  “ 

the  proper  mixture  proportions.  alone,  ^ 

In  the  Diesel  engine,  however,  since  the  charge 
scavenging  can  be  complete  without  the  loss  of  anythmg  but  mr  to 
the  JJL  The  combustion  is,  thetefore.  “ '  “T'S,”  £ e™“ 

cycle  Diesel  engine  and  no  fuel  is  ^^y^^p^er^ obtainable 

of  a  Diesel  two-cycle  engine  is  nearly  twice  P 
from  a  four-cycle  engine  of  the  same  dimensions-the  power  nec^ 
sarv  to  drive  the  scavenging  pump  being  the  only  additional  loss 
the  tlo-cycle  engine  is  particularly  well  adapted  for  use  in  mann 
work/whet.  weiglit  and  space  per  unit  o| I  powet  »»<  be  e.v«i  « 
lo,  large  stationary  engines  in  cities,  -her.  snvmg  of  »[•»«' 

‘"‘"HT't-ocycle  Diesel  engines,  a.  a.  present cousWcmd  the 
exhaust  ports,  located  in  the  cylinder  wall  -  the  bottom  of  the 
S;T.0.ke,  are  uncovered  by  the  piston.  This  Ms  to  .  s.mph- 
fication  and  saving  of  weight  in  the  valve  gear. 


MARINE  DIESEL  ENGINES 

Both  four-  and  two-cycle  engines  are  used  for  marine  service, 
the  two-cycle  seemingly  being  the  better  suited  to  jhe  service  because 
of  the  greater  power  per  unit  weight  and  because  of  the  fact  that  sue 
an  engine  is  reversible,  while  a  four-cycle  engine  must  have  a  reversing 
gear  The  principal  difference  between  stationary  and  marine  four¬ 
cycle  engines  is  that  the  marine  engines  have  enclosed  box  frames 
which  are  continuous  throughout  the  length  of  the  engine,  instead  of 
“A”  frames,  as  is  the  more  common  practice  in  stationary  engines.. 

Two-Cycle  Type.  Carels-Diesel  Engine.  The  engine  shown  in 
Fig.  102  is  a  four-cylinder  reversible  two-cycle  marine  engine  pro¬ 
vided  with  crossheads  instead  of  trunk  pistons.  The  bedplate, 
narrow  “A”  frames,  and  the  method  of  carrying  the  cylinders  are  in 
accordance  with  marine  steam-engine  practice.  The  cylinder  liner 
is  a  separate  casting  pressed  into  the  cylinder  casting  with  the  exhaust 
ports  cored  out  so  that  water  from  the  cylinder  jacket  can  circu  a 
through  and  keep  them  cool,  as  in  the  half-sectional  view.  The 
exhaust  chamber,  in  back  of  the  cylinder-liner  exhaust  ports,  is 
entirely  contained  in  the  cylinder  jacket.  At  the  bottom  of  the  liner 
is  a  lantern  ring,  Fig.  103,  communicating  with  a  passage  which 


174 


165 


GAS  AND  OIL  ENGINES 

is  connected  to  the  scavenging-pump  suction,  thus  preventing  the 
escape  of  gases  past  the  piston  rings  from  the  combustion  space  into 
the  engine  room.  The  cylinder  head  is  of  somewhat  complicated 
design,  to  permit  of  the  introduction  of  the  seven  necessary  valves, 


Fig.  102.  1300  I.H.P.  Carels  Two-Cycle  Diesel  Engine  of  Single-Screw  Motor  Ship  “Eavestone” 

Courtesy  of  “ The  Engineer”,  London,  England 


viz,  the  fuel-injection  valve,  starting-air  valve,  safety  valve,  and  four 
scavenging  or  inlet  valves.  The  cylinder  head  is  dished  upwards  and 
forms,  with  the  dished  piston  head,  a  favorable  combustion  space. 
The  atomizer  is  similar  to  that  shown  in  Fig.  40. 
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The  piston,  Fig.  103,  is  in  two  parts,  the  upper  part  being 
water-jacketed,  and  the  lower  portion  being  an  internally  ribbed 
shroud,  merely  to  cover  the  exhaust  ports 
and  retain  the  lantern  rings  in  place  at 
the  end  of  the  engine  stroke.  The  piston 
is  carried  by  a  piston  rod  provided  at  its 
lower  end  with  a  crosshead  sliding  on  two 
guides,  one  on  either  side  of  the  fraipe. 

The  piston  jacket  water  is  admitted  and 
discharged  from  the  jacket  through  the 
piston  rod  by  means  of  swing- joint  pipes. 

The  injection  air-compressor  of  the 
Carels  engine  is  a  four-cylinder,  three- 


Fig.  103.  Section  of  Carels-Diesel  Engine  Cylinder 
Courtesy  of  “ Engineering ”,  London,  England 


Fig.  104.  Fuel  Injection  Valve  of 
Carels  Marine  Two-Cycle 
Diesel  Engine 

Courtesy  of  "Engineering" ,  London, 
England 


stage  compressor  and  is  driven  from  the  forward  end  of  the  main 
crankshaft  by  an  overhung  pin.  The  scavenging  pumps  are  driven 
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by  links  and  walking  beams  from  the  crossheads  of  the  second  and 
third  cylinders,  the  valves  being  actuated  by  eccentrics  on  the  main 
crankshaft.  Air  for  these  pumps  is  drawn  in  through  silencers  to 
reduce  the  noise  in  the  engine  room.  In  each  elbow,  leading  from 
the  exhaust  chamber  around  each  cylinder  to  the  exhaust  header,  a 
sprinkler  is  located,  to  extract  the  heat  from  the  exhaust  gases. 

The  fuel-injection  valve  is  novel  in  design,  in  that  reciprocating 
motion  through  a  packed  gland  is  replaced  by  rotating  motion  to 
avoid  sticking.  This  is  accomplished  by  entirely  inclosing  the  injec¬ 
tion-valve  stem  and  actuating  spindle  and  packing  the  oscillating 
actuating  spindle  at  either  end,  thus  removing  the  necessity  for 
packing  the  injection- valve  stem.  Fig.  104  shows  a  vertical  cross 
section  of  the  injection  valve  and  atomizer  casing.  The  injection 
valve  is  of  the  pressure-balanced  type — balanced  by  the  injection- 


Fig.  105.  Beco  Oil-Burning  Two-Cycle  Diesel  Engine 
Courtesy  of  The  Brown  Engine  Company,  Fitchburg,  Massachusetts 


air  pressure — and  thus  needs  only  a  light  spring  to  return  it  to  its 
seat.  The  fuel-injection  valve  lever  rotates  the  spindle,  to  which  is 
keyed  the  actuator  H  which  raises  the  valve  and  admits  the  fuel  and 
the  injection  air  to  the  cylinder.  The  injection-air  inlet  is  at  K, 
and  that  for  the  fuel  at  L. 

Reversing  is  accomplished  by  the  use  of  two  sets  of  cams — ahead 
and  astern— for  each  of  the  fuel-injection  and  starting-air  valve 
levers  and  by  rotating  the  camshaft  through  32  degrees  with  respect 
to  its  angular  relationship  to  the  crankshaft— thereby  reversing  the 
opening  of  the  scavenging  air  valves. 

The  Diesel  motor  is  coming  into  use  as  the  auxiliary  for  sailing 
ships  of  the  largest  size  as  well  as  for  straight  power  ships.  The 
leading  dimensions  of  the  motor  ships  launched  during  1913  are  given 
in  Table  XIII. 

Beco-Diesel  Engine .  The  engine  shown  in  Fig.  105  is  a  single- 
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cylinder,  horizontal,  double-acting,  two-cycle  type  of  engine — the 
only  valves  being  the  fuel-injection  and  air-starting  valves  at  each  end 
of  the  cylinder.  These  valves  are  operated  by  the  lay  shaft  which 


runs  alongside  the  engine,  supported  in  bracket  bearings.  The  water- 
cooled  piston  is  supported  by  a  main-  and  tail-guide  crosshead  so  that 
it  does  not  wear  on  the  bottom  of  the  cylinder.  To  the  tail-guide 
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head  is  attached  a  vertical  walking  beam  which  drives  the  scavenging 
and  injection-air  compressors,  located  usually  on  the  floor  below  the 
engine.  The  air  charge  is  admitted  and  the  exhaust  gases  driven  out 
through  ports  in  the  cylinder  liner,  which  are  uncovered  by  the  piston 
in  exactly  the  same  manner  as  is  the  case  in  a  two-port  two-cycle 
gasoline  engine. 

De  La  Vergne  Modified  Diesel  Engine.  The  engine,  Figs.  106 
and  107,  is  a  combination  of  the  Diesel  principle  with  the  hot  bulb 
arrangement.  The  engine  operates  on  the  four-stroke  cycle  and 


Fig.  107.  Transverse  Section  of  De  La  Vergne  Oil  Engine,  Type  “FH” 

Courtesy  of  De  La  Vergne  Machine  Company ,  New  York  City 

compresses  the  air  to  250  to  300  pounds  instead  of  500  pounds  as  in 
the  Diesel  engine.  The  temperature  thus  obtained  would  not  be 
high  enough  to  ignite  the  fuel;  recourse  is  therefore  taken  to  a  hot 
bulb,  the  air  in  which,  owing  to  the  heat  radiated  from  its  uncooled 
walls,  attains  a  higher  temperature  than  that  contained  in  the  com¬ 
bustion  chamber.  At  the  end  of  the  compression  stroke  the  fuel  is 
injected  by  means  of  an  air  blast  of  about  600  pounds  pressure  from 
the  injection  nozzle — shown  in  Fig.  41  and  described  on  page  89 — 
across  the  combustion  chamber  into  the  hot  bulb,  where  it  is  immedi- 
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ately  ignited.  Owing  to  the  comparatively  long  distance  the  fuel 
spray  has  to  travel  after  it  leaves  the  nozzle  until  it  is  ignited  in  the  hot 
bulb,  ignition  first  produces  a  considerable  pressure  increase  (com¬ 
bustion  at  constant  volume),  which  is  followed  by  combustion  at 
approximately  constant  pressure.  This  is  shown  *  on  the  two 
indicator  cards,  Fig.  108,  where  it  will  be  noticed  that  the  maxi¬ 
mum  pressures  are  very  nearly  500  pounds,  i.e.,  about  the  same  as  in 
the  Diesel  engine.  As  far  as  strains  in  the  engine  are  concerned  there 

is,  therefore,  not  much 
difference  between  these 
two  types.  It  must  be 
remembered,  however, 
that  in  the  Diesel  engine 
this  high  pressure  must 
be  obtained  at  the  end 
of  the  compression  stroke 
in  order  to  secure  igni¬ 
tion,  while  in  the  De  La 
Vergne  engine,  ignition  is 
certain  at  about  half  that 
pressure. 

The  details  of  me¬ 
chanical  design  are  very 
similar  to  Type  “HA” 
engine  shown  in  Figs.  91, 
92,  and  93  and  described 

Fig.  108.  Typical  Indicator  Cards  Taken  from  Type  OH  pages  153  to  155. 

Courtesy  of  De  La  Vergne  Machine  Company ,  The  Vaporizers  in  the  tWO 

engines  may  be  similar, 
the  only  difference  being  that  in  Type  “FH”  it  is  located  in  the  side 
of  the  cylinder  head  opposite  the  injection  valve  instead  of  in  the  end 
of  the  cylinder  head.  The  inlet  and-  exhaust  valves  are  located  in 
the  cylinder  head,  one  over  the  other,  and  are  actuated  by  cams  and 
levers.  The  injection-air  system  on  this  engine  is  that  described  on 
page  174,  the  high-pressure  stage  of  the  compressor  handling  only 
the  amount  of  air  necessary  at  that  moment  for  injection.  The 
two-stage  compressor  is  mounted  on  the  side  of  the  engine  frame 
and  is  driven  by  an  eccentric  on  the  crankshaft. 
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The  governor,  on  this  type  of  engine,  besides  regulating  the 
amount  of  the  air  charge  admitted  to  the  high-pressure  stage  of  the 
compressor,  also  regulates  the  amount  of  oil  injected  by  varying  the 
stroke  of  the  oil  pump  to  suit  load  conditions.  The  method  of 
obtaining  this  effect  is  shown  in  the  transverse  section.  Fig.  107.  An 
eccentric,  mounted  on  the  end  of  the  lay  shaft,  has  a  link  pinned  at  one 
end  to  the  eccentric  strap  and  pivoted  to  the  bracket  bearing  at  the 
other.  Between  this  link  and  the  bell-crank  lever,  the  long  arm  of 
which  is  parallel  to  the  link,  is  a  roller,  the  position  of  which  is  regu¬ 
lated  by  the  governor.  As  the  engine  speeds  up,  the  governor  rises, 
pulls  the  roller  up  with  it,  and  reduces  the  amount  of  motion  trans¬ 
mitted  through  the  roller  by  the  link  to  the  bell-crank  lever,  until, 
when  the  governor  is  at  the  top  of  its  travel,  no  motion  is  transmitted. 
The  short  arm  of  the  bell-crank  lever  is  attached  to  the  oil-pump 
plunger  and  forces  it  on  its  down  stroke,  the  return  stroke  being  made 
under  the  action  of  a  coil  spring  acting  on  the  plunger. 

DIESEL  FUEL=OIL  PUMPS 

Characteristics  of  Pump  System.  In  the  Diesel  engines  with 
closed-nozzle  injection,  the  space  into  which  the  oil  is  delivered  is 
always  in  communication  with  the  injection  air  at  a  pressure  of  from 
750  to  1000  pounds,  so  that  the  oil  must  be  delivered  against  this 
high  pressure.  The  quantity  of  oil  to  be  delivered  is  small,  especially 
in  the  case  of  the  original  Diesel  engine  where  there  was  a  separate 
pump  for  each  cylinder.  Since  the  work  of  the  fuel-oil  pump  is  in  no 
direct  relation  to  the  cycle  of  events  in  the  cylinder,  it  is  possible  to 
use  but  one  pump  for  all  the  cylinders  in  a  multicylinder  engine. 
The  pump  delivers  the  oil  into  a  distributor  where,  by  means  of  a 
series  of  check  valves  and  restricted  passages  which  artificially 
increase  the  resistance  to  flow,  it  is  equally  divided  into  as  many 
streams  as  there  are  cylinders. 

Type  of  Plunger.  Positively  operated  plungers  (operated  by  an 
eccentric)  are  generally  preferred  to  those  operated  by  a  cam.  In  the 
latter,  the  stroke  is  varied  according  to  the  load  by  letting  the  gov¬ 
ernor  shift  a  wedge  block  in  between  the  cam  and  the  plunger.  In  the 
former,  the  displacement  of  the  plunger  is  constant  and  larger  than 
that  required  for  the  maximum  charge  of  fuel  oil;  the  excess  oil  is 
discharged  through  the  suction  valve,  the  opening  and  closing  of 
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which  is  determined  by  the  position  of  the  governor.  This  valve  and 
also  the  mechanism  for  its  operation  are  constructive  elements  which 
require  the  utmost  care  in  design  as  well  as  workmanship,  as  the 
accuracy  of  fuel-oil  delivery  depends,  primarily,  upon  their  proper 
action.  Frictional  resistance  of  the  valve,  which  is  likely  to  prevent 
its  prompt  closing,  is  especially  important  and  must  be  reduced  to  a 
minimum.  It  is  therefore  not  advisable  to  have  the  valve  stem  pass 
through  a  stuffing  box.  The  best  practice  at  present  is  to  use  a 
positively  operated  plunger  for  the  operation  of  the  inlet  valve,  this 
plunger  passing  through  the  stuffing  box  and  thus  practically  elim¬ 
inating  friction:  as  far  as  the  valve  is  concerned. 

.  In  the  case  of  the  open  nozzle,  the  fact  that  the  oil  is  delivered  at 
the  start  of  the  compression  stroke  against  the  low  pressure  then 
existing  in  the  working  cylinder  makes  the  oil  pump  a  comparatively 
simple  piece  of  apparatus. 

INJECTION  AIR  SUPPLY 

Use  of  Two=  or  Three=Stage  Compressor.  In  all  the  various 
types  of  modern  oil  engines  the  apparatus  required  to  obtain  the  high- 
pressure  injection  air  forms  a  comparatively  complicated,  and  there¬ 
fore  expensive,  accessory.  A  two-  or  three-stage  compressor  must  be 
provided,  in  which  the  suction  valve,  on  either  the  low-  or  high- 
pressure  stage,  must  be  fitted  with  a  governor-regulated  adjusting 
device  to  vary  the  amount  of  air  drawn  in,  according  to  the  oil 
charge.  Intercoolers  between  the  stages  and  an  after-cooler  after 
the  high-pressure  stage  must  be  provided  to  keep  the  air  cool  enough 
to  prevent  pre-ignition  in  the  injection  nozzle. 

Storage  Tanks.  In  most  engines  there  is  provided  a  tank  or 
tanks  for  the  storage  of  the  injection  air,  and  this  tank  must  be 
fitted  with  three  valves;  one  to  close  it  off  toward  the  engine  and 
one  toward  the  compressor,  and  one  safety  valve.  In  one  of  the 
modified  Diesel  engines,  the  low-pressure  stage  of  the  compressor 
discharges  into  storage  tanks  from  which  the  high-pressure  stage 
draws  its  air,  the  amount  being  regulated  by  a  governor-operated 
valve  to  suit  the  varying  charges  of  oil  at  each  injection.  The  high- 
pressure  air  is  discharged  directly  into  the  injection- valve  cage, 
without  the  use  of  an  intermediary  storage  tank.  This  system  has  the 
advantage  that  the  air  is  stored  at  low  pressure,  from  125  to  150 
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pounds  instead  of  750  to  1000  pounds,  which  results  in  lighter  tanks 
that,  with  the  connecting  piping,  are  more  easily  kept  tight.  On  the 
other  hand,  it  is  necessary  that  the  high-pressure  stage  of  the  com¬ 
pressor  should  be  reliable. 
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IGNITION  SYSTEMS 

Ignition  Requirements.  For  satisfactory  action  of  a  gas  engine, 
the  ignition  of  the  explosive  mixture  must  be  certain,  and  must  occur 
at  a  definite,  predetermined 
time.  In  timing  the  ignition,  it 
has  to  be  recognized  that  the 
explosion  is  not  instantaneous, 
but  requires  a  not  inconsider¬ 
able  period  of  time  to  arrive  at 
the  maximum  pressure.  The 
actual  duration  of  the  explosion 
depends  on  the  strength  of  the 
explosive  mixture  and  on  the 
amount  of  compression  to  which 
it  is  subjected.  The  ignition 
should  have  lead — that  is,  should 
begin  before  the  end  of  the  re¬ 
turn  or  compression  stroke,  so 
that  the  maximum  pressure  is 
reached  when  the  crank  has  just  passed  the  dead  center.  The  amount 
of  lead  varies  with  the  speed,  strength  of  mixture,  and  other  condi¬ 
tions.  The  indicator  card  a,  .Fig.  109,  is  the  correct  diagram  with 
properly  timed  ignition.  If 
the  ignition  is  later  than  this, 
indicator  cards  similar  to  b  or 
c  will  be  obtained,  and  the  en¬ 
gine  will  do  less  work  and  be 
less  efficient.  If  the  ignition  is 
too  early,  the  maximum  pres¬ 
sure  will  be  obtained,  Fig.  110, 
before  the  crank  has  reached  its  dead  center,  and  will  tend  to  reverse 
the  engine.  This  causes  great  shock  to  the  engine,  its  rapid  deteriora¬ 
tion,  and  lowered  efficiency.  The  immediate  external  evidence  of  too 
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Fig.  109.  Indicator  Cards  with  Variously 
Timed  Ignition 
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Fig.  110.  Indicator  Card  with  Too  Early 
Ignition 
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the  engine.  This  causes  great  shock  to  the  engine,  its  rapid  deteriora¬ 
tion,  and  lowered  efficiency.  The  immediate  external  evidence  of  too 
early  ignition  is  a  violent  pounding  noise  in  the  engine.  Two 
methods  of  ignition  are  in  common  use  in  engines  using  the  Otto 
cycle.  The  first  is  by  exploding  the  mixture  by  contact  with  a  surface 
hot  enough  to  cause  ignition;  the  second  is  by  means  of  an  electric  arc. 


HOT=TUBE  IGNITION 


Method  of  Operation.  A  hot  tube  was  the  common  device  wdien 
the  first  method  of  ignition  was  used;  this  method  has  fallen  into 

disuse  in  this  country  with 
improvement  in  electric 
ignition;  in  England,  how¬ 
ever,  this  method  is  still 
used  occasionally  on  en¬ 
gines  using  illuminating 
gas.  The  tube  E,  Fig.  Ill, 
is  closed  at  the  upper  end, 
and  communicates  at  its 
lower  end  through  the  port 
B  with  the  cylinder  A.  It 
is  heated  by  an  external 
flame  from  the  Bunsen 
burner  C,  and  is  maintained 
at  a  full  red  heat.  The 
chimney  around  the  tube 
is  lined  with  asbestos,  and 
keeps  the  flame  in  good 
contact  with  the  tube.  During  the  admission  stroke  the  tube  is  filled 
with  products  of  combustion  at  atmospheric  pressure  remaining  from 
the  previous  explosion.  As  compression  goes  on,  the  nonexplosive 
products  of  combustion  are  crowded  into  the  upper  part  of  the  tube, 
while  part  of  the  explosive  mixture  in  the  cylinder  is  compressed 
into  the  lower  part  of  the  tube.  The  length  of  the  tube  and  the 
position  of  the  flame  are  adjusted  by  experiment,  so  that  the  explosive 
charge  will  just  reach  the  hot  portion  of  the  tube  and  be  ignited  at 
the  moment  when  ignition  is  desired.  Shortening  the  tube  makes  the 
ignition  come  later.  With  this  device  the  actual  time  of  ignition  is  not 


Fig.  111.  Hot-Tube  Igniter 


188 


GAS  AND  OIL  ENGINES 


177 


very  definite.  It  depends  on  the  temperature  of  the  tube,  the  position 
of  the  Bunsen  flame,  the  strength  of  the  mixture,  and  the  amount  of 
compression.  As  these  last 
two  quantities  are  pur¬ 
posely  varied  by  the  gov¬ 
ernor  in  some  engines,  ir¬ 
regular  timing  would  result 
from  its  use  in  such  cases. 

Use  of  Timing  Valve. 

The  irregularity  of  timing 
with  the  hot-tube  igniter 
can  be  partly  remedied  by 
the  use  of  a  timing  valve. 

The  timing  valve  B,  Fig. 

112,  is  held  on  its  seat  by 
a  spiral  spring  D  until  igni¬ 
tion  is  desired,  when,  by  a 
movement  of  the  bell-crank 
lever  E,  the  valve  opens 


Hot-Tube  Igniter  with  Timing  Valve 


and  the  compressed  charge  in  the  cylinder  A  gets  access  to  the  hot 
tube  C.  The  valve  B  is  kept  open  until  the  end  of  the  exhaust  stroke. 
The  tubes  are  preferably  made  of  nickel  alloy  or  of  porcelain,  but 
the  latter  is  very  brittle  and  apt  to  break  when 
being  fastened  in  place.  Iron  tubes  are  used 
sometimes,  but  they  burn  out  rapidly  and  are 
unreliable. 

ELECTRIC  IGNITION 

Even  when  provided  with  a  timing  valve, 
the  hot  tube  does  not  give  very  satisfactory  igni¬ 
tion;  and,  moreover,  some  time  is  consumed  in 
heating  the  tube  before  the  engine  can  be  started. 
Accurate  timing  can  be  obtained  best  by  electric 
means,  and  electric  ignition  is  consequently  used 
more  than  any  other. 

Method.  The  method  is  to  make  a  spark 
pass,  at  the  instant  when  ignition  is  desired,  between  two  terminals 
situated  in  the  clearance  space  of  the  engine.  The  most  common  way 
of  forming  the  spark  is  to  separate  two  contact  points  through  which  a 


Fig.  113.  Spark  Coil 
Courtesy  of  Thordarson 
Electric  Company, 
Chicago 
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current  has  been  flowing.  An  electric  arc  will  then  pass  between  the 
separating  contact  points.  In  order  to  insure  that  the  temperature  of 
the  arc  is  high  enough  and  its  duration  sufficient  to  ignite  the  explo¬ 
sive  mixture  through  which  it  passes,  a  spark  coil,  or  choking  coil,  is 
generally  inserted  in  the  circuit.  A  spark  coil,  Fig.  1 13,  consists  merely 
of  a  bundle  of  soft-iron  wires,  surrounded  by  a  coil  of  insulated  cop¬ 
per  wire  through  which  the  current  passes.  The  contact  points  of 
the  igniter  must  be  brought  together  to  re-establish  the  current  before 
another  spark  can  be  obtained.  A  device  of  this  nature  is  known 
as  a  make-and-break  igniter;  and  when  the  contact  points  do  not  slide 
across  each  other,  it  is  called  a  hammer-break  contact. 

Behavior  of  Current  When  Contact  Is  Broken.  The  action  of  the 
electric  current  when  the  circuit  is  broken  is  analogous  to  a  stream  of 
water  whose  flow  is  abruptly  dammed.  The  flow  cannot  be  stopped 
instantaneously,  since  the  stream  has  a  certain  amount  of  kinetic 
energy  due  to  the  weight  of  the  water  flowing  and  the  velocity  of 
flow,  and  this  causes  it  to  attempt  to  overcome  the  stoppage.  This 
kinetic  energy  cannot  disappear  and  be  lost  and  is,  therefore,  changed 
to  pressure,  which  tends  to  blow  out  the  dam.  If  this  stoppage  occurs 
in  a  very  long  pipe  line  the  weight  of  water  flowing  will  be  greater 
than  in  a  shorter  line,  in  proportion  to  the  relative  lengths  of  the  lines; 
therefore,  the  flow  of  a  greater  weight  of  water  must  be  stopped  and, 
consequently,  the  resulting  pressure  against  the  dam  will  be  higher. 

When  the  electric  current  is  dammed  by  the  contact  being 
broken,  it  also  tries  to  keep  on  flowing,  the  pressure  builds  up,  and  if 
the  volume  and  length  of  stream  flowing  is  sufficient  to  build  up 
pressure  enough,  the  current  jumps,  or  arcs,  across  the  gap.  If  the 
length  of  current  flowing  is  increased  by  putting  a  choking  coil  in 
the  circuit,  the  pressure  resulting  from  the  break  is  increased,  as  in 
the  case  of  the  longer  water  line,  and  will  insure  the  current  arcing 
across  the  gap,  thus  making  the  ignition  certain.  The  choking  coils 
usually  used  for  ignition  purposes  produce  an  instantaneous  pressure 
in  the  circuit,  following  the  break,  of  about  5000  volts. 

Make=and=Break  Ignition 

Ordinary  Types.  One  of  the  common  forms  of  hammer-break 
igniter  is  illustrated  in  Fig.  1 14,  which  shows  an  igniter  plug  removed 
from  the  cylinder  head.  The  movable  electrode  b  is  at  the  end  of  an 
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arm  fastened  to  the  spindle  c.  \\  hen  the  interrupter  lever  d,  which 
is  loose  on  the  spindle  c  and  is  connected  to  it  through  a  coil  spring,  is 
lifted  by  an  arm  from  the  camshaft  of  the  engine,  it  rotates  the  spindle 
c  so  as  to  bring  b  into  hard 
contact  with  the  stationary 
and  thoroughly  insulated 
electrode  a.  This  completes 
a  circuit  and  permits  a  cur¬ 
rent  to  flow  from  a  to  6. 

When  ignition  is  desired, 
the  lever  d  is  tripped  and 
flies  back,  carrying  with  it 
the  spindle  c,  abruptly 
breaking  the  contact  and 
causing  an  electric  arc  to 
form  between  a  and  b.  The 
contact  points  are  generally 
made  of  platinum,  as  this  does  not  oxidize  or  corrode;  but  other 
metals  are  also  used.  The  passage  of  the  spark  takes  minute  particles 
of  the  material  from  one  terminal  and  deposits  them  oij  the  other, 


Fig.  114.  Hammer-Break  Igniter  Plug  Removed 
from  Cylinder  Head 

Courtesy  of  Otto  Gas  Engine  Works,  Philadelphia, 
Pennsylvania 


Fig.  115.  Igniter  Plug  of  Crossley  Gas  Engine 


the  action  following  the  direction  of  the  current.  By  reversing  the 
current,  the  material  is  returned  to  the  terminal  from  winch  it  was 
taken,  thus  increasing  the  durability  of  the  contact  points. 
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An  English  form  of  igniter  plug  is  shown  in  Fig.  115. 

Wipe  Break.  A  make-and-break  contact  is  sometimes  obtained 
by  sliding  one  contact  point  over  the  other  until  it  slides  off  com¬ 
pletely.  This  is  known  as  a  “wipe”  break.  The  method  insures  a 
good  contact,  produces  a  very  hot  spark,  keeps  the  contact  points 
clean,  but  wears  them  out  quite  rapidly.  Provision  must  be  made  for 
adjustment,  otherwise  the  timing  will  alter  with  the  wear  of  the 
points.  The  rubbing  surfaces  can  be  of  steel. 


Fig.  116.  Foos  Revolving  Wipe-Contact  Electric  Igniter 


An  example  of  the  wipe-contact  igniter  is  shown  in  Fig.  116. 
The  stationary  electrode  B  is  a  flat  steel  spring;  the  moving  electrode 
A,  which  is  rotated  by  the  igniter  rod,  comes  in  contact  with  B  once 
per  revolution,  thus  establishing  the  circuit,  presses  B  down,  and 
finally  trips  it.  The  abrupt  breaking  of  the  circuit  causes  a  good 
spark  to  pass  between  the  electrodes.  The  igniter  is  placed  immedi¬ 
ately  over  the  inlet  valve  E .  The  thumbscrew  C  on  the  igniter  rod 
permits  the  adjustment  of  the  time  of  the  ignition. 

Hammer  Break.  The  igniter  gear  of  an  engine  with  hammer- 
break  ignition  is  shown  in  Fig.  117.  The  igniter  rod/,  which  is  sup- 
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ported  on  the  reel  h,  receives  a  reciprocating  motion  from  a  crank 
g  at  the  end  of  the  side  shaft.  During  the  exhaust  or  admission 
stroke,  the  end  of  the  rod  /  comes  in  contact  with  the  interrupter 
lever  d,  as  may  be  seen  by  comparison  with  Fig.  114,  and  establishes 
the  contact  of  the  electrodes.  The  vertical  component  of  the  move¬ 
ment  of  the  end  of  the  rod  /  sets  free  the  lever  d  at  the  moment  when 
ignition  is  desired. 

The  make-and-break  igniters  so  far  shown  are  used  principally 
on  small  and  medium-power  engines.  The  electrical  contact  is 
generally  made  between  pins  carried  in  the  stationary  and  movable 
electrodes.  These  pins,  if  the  engine  is  small  enough,  are  made  of 
platinum.  Platinum  is  expensive 
to  replace,  especially  if  the  en¬ 
gine  is  large,  thus  calling  for 
large  points  and;  therefore,  steel 
pins  are  used,  which  give  very 
nearly  as  good  ignition  as  plati¬ 
num  points. 

Igniters  for  Large  Engines. 

Ordinary  Type.  The  design  of 
igniter  plugs  for  large  engines 
differs  only  in  details  from  that 
shown  in  Fig.  1 14.  For  instance, 
instead  of  insulating  only  the 
stationary  electrode,  both  the  Fig'  ^  °f 

stationary  and  movable  elec¬ 
trodes  are  thoroughly  insulated  in  order  to  reduce  to  a  minimum  the 
chances  for  a  shutdown  due  to  a  short  circuit.  With  only  one  elec¬ 
trode  insulated,  if  that  becomes  grounded  or  short-circuited,  the 
igniter  is  out  of  commission;  whereas,  with  both  electrodes  insulated, 
they  must  both  be  grounded  before  the  igniter  will  be  put  out  of  use. 
Another  point  of  difference  between  igniters  for  large  and  small  engines 
is  that  for  large  engines  the  electrodes  have  no  points  or  pins.  The 
movable  electrode  head,  or  hammer,  is  made  of  cast  iron  and  the 
stationary  electrode,  or  anvil,  of  low-carbon  steel.  With  these  elec¬ 
trodes  the  oxidization  caused  by  the  electric  arc  together  with  that 
caused  by  the  heat  of  combustion  are  small  and,  therefore,  the 
igniters  can  be  run  for  long  periods  without  cleaning  of  the  contacts. 
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With  the  make-and-break  igniters  so  far  described,  it  is  necessary 
to  have  a  separate  tripping  device  driven  from  the  lay  shaft  for  each 
igniter.  In  a  large  double-acting  engine,  with  two  igniters  at  each  end 
of  the  cylinder,  this  means  that  four  separate  tripping  devices  are 
required  on  each  cylinder,  resulting  in  complication  and  considerable 
noise. 

Magnetic  Make-and-Break  Type.  It  is  possible,  practically,  to 
eliminate  the  complication  and  the  noise  by  substituting  for  the 
mechanical  make-and-break  device  an  electrically  actuated  make- 
and-break  apparatus.  Such  a  piece  of  apparatus  is  called  a  magnetic 
plug;  it  must  always  be  used  in  series  with  a  distributor  or  timer 
which  sends  current  to  it  at  the  instant  when  a  spark  is  desired. 

In  Fig.  118  are  shown,  to  the  left,  the  electromagnetic  device, 
and  to  the  right,  the  outside,  of  a  make-and-break  plug  similar  to 

that  shown  in  Fig.  114. 
On  passing  current 
through  the  electromag¬ 
net,  the  armature,  which 
is  one  arm  of  a  bell-crank 
lever,  is  attracted  to  the 
magnet,  and  the  other 
arm  of  the  bell-crank 
lever  strikes  the  moving 
electrode.  The  electro- 

Fig.  118.  Magnetic  Make-and-Break  Igniter  .  ,  . 

Courtesy  of  Westinghouse  Machine  Company,  magnet  IS  USed.  Ill  SeneS 

Pittsburgh,  Pennsylvania  with  0ne  of  the  eleC- 

trodes.  The  circuit  is  re-established  by  the  action  of  gravity. 

A  diagram  of  the  wiring  from  any  suitable  source  of  electricity 
to  four  magnetic  igniters  is  given  in  Fig.  119.  The  simultaneous 
adjustment  of  the  timing  of  the  four  igniters  is  effected  by  rotating 
the  timer  through  the  desired  angle. 

While  these  magnetic  plugs  reduce  the  noise  and  the  complica¬ 
tion,  they  have  the  bad  feature  that  it  is  almost  an  impossibility  to 
time  the  ignition  accurately  because  of  the  effect  of  magnetic  lag. 
While  their  use  for  large  engines  was  almost  universal  a  few  years  ago, 
they  are  now  used  by  only  a  few  engine  builders;  in  fact,  some  of  the 
engines  that  were  equipped  with  magnetic  plugs  when  first  built 
have  been  re-equipped  with  mechanical  make-and-break  plugs. 
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Mechanical  Make-and-Break  Type. 
The  igniter  shown  in  Fig.  120  is  of  the 
most  advanced  design.  The  tripping  device 
is  actuated  by  an  igniter  camshaft  A,  which 
runs  throughout  the  length  of  the  cylinders 
and  is  driven  from  the  lay  shaft  through  a 
ratchet,  so  that  if  the  engine  shaft  oscillates 
or  reverses  in  starting  or  stopping,  the 
igniter  camshaft  will  not  reverse  and  wreck 
the  tripping  mechanism.  The  cam  B  is  a 
knock-off  cam ;  the  cam  gradually  increases 
in  diameter  and  then  abruptly  drops  to  the 
original  diameter  so  that  the  push  rod  C  is 
gradually  raised  and  then  quickly  returned 
to  its  original  position.  The  raising  of  the 
push  rod  is  resisted  by  the  spring  D,  which 
rests  at  one  end  in  the  bracket  carrying  the 
push  rod  and  at  the  other  on  a  collar  on  the 
push  rod.  The  top  of  the  bracket  is  fitted 
with  a  rubber  bumper  E.  The  collar  F  on 
the  push  rod  is  so  adjusted  that  the  push 
rod  does  not  strike  the  small  part  of  the 
cam  when  the  knock-off  occurs — in  this  way 
there  is  no  click  of  metal  on  metal,  and  the 
rubber  bumper  can  do  its  full  cushioning 
work.  Above  this  collar  is  a  hard-rubber 
disk  G,  mounted  on  a  threaded  steel  sleeve, 
so  that  its  position  on  the  push  rod  may  be 
adjusted.  The  disk  G  serves  as  the  hammer, 
which  abruptly  moves  the  movable  elec¬ 
trode  H  and  breaks  the  circuit.  The  spring 
is  attached  to  H,  which  tends  to  hold  the 
electrodes  in  contact.  When  the  push  rod 
is  at  the  highest  point  of  its  travel,  just 
before  the  knock-off,  the  disk  G  is  set 
with  a  clearance  of  an  eighth  of  an  inch 
between  it  and  the  movable  electrode  arm. 
When  the  knock-off  occurs,  the  push  rod  has 
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some  distance  in  which  to  travel  and  gain  velocity  before  striking  the 
movable  electrode  arm,  thus  causing  an  abrupt  break  of  the  circuit, 
and  in  addition  this  clearance  insures  a  contact  between  the  electrodes 
before  the  break  is  made.  The  push-rod  bracket  is  hinged  and  held  in 
place  by  a  bolt.  The  push  rod  can  be  made  to  knock  off  sooner  or  later 
by  moving  the  bracket  out  or  in,  and  thus  the  timing  of  the  individual 
igniters  can  be  changed  while  the  engine  is  running.  The  bracket 


is  bolted  to  a  pad  on  the  cylinder,  clear  of  the  igniter  plug,  so  that  the 
latter  can  be  removed  for  inspection  and  cleaning  without  disturbing 
the  bracket.  The  stationary  electrode  is  a  steel  rod  on  which  the 
anvil  is  machined.  The  movable  electrode  consists  of  a  steel  rod 
screwed  into  a  cast-iron  head  or  hammer,  and  the  end  of  the  screw 
riveted  over.  It  is  mounted  in  a  steel  tube,  a  ground  45-degree  joint 
being  provided  where  the  head  seats  in  the  tube  to  prevent  leakage 
from  the  cylinder  out  through  the  igniter.  The  stationary  electrode 
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and  the  tube  containing  the  movable  electrode  are  insulated  from  the 
plug  at  both  ends  by  mica  washers,  care  being  taken  that  the  holes 
through  the  plug  are  large  enough  to  prevent  either  touching  the 
plug  and  grounding.  A  light  spring  is  provided  under  the  arm  of  the 
movable  electrode,  just  stiff  enough  to  prevent  the  unseating  of  the 
head  during  the  suction  stroke. 

Ignition  Current 

Batteries.  In  small  engines  the  current  is  commonly  taken 
from  a  primary  battery,  consisting  of  about  five  cells.  The  Edison- 
Lalande  cell,  made  up  of  two  zinc  plates  and  a  plate  of  compressed 
copper  oxide  immersed  in  a  strong  solution  of  caustic  soda,  is  perhaps 
the  most  largely  used.  Dry  cells  and  storage-battery  cells  are  also 
used.  Current  is  sometimes  taken  from  a  direct-current  lighting  or 
power  circuit;  but  this  is  objectionable,  because  the  circuit  is  grounded 
every  time  the  igniter  terminals  are  in  contact. 

Dynamo  or  Motor=Generator  Set.  The  practice  is  growing,  of 
using  either  a  small  special  dynamo  or  a  magneto-dynamo  for  the 


exclusive  purpose  of  supplying  the  current  for  ignition.  This  makes 
the  ignition  spark  more  certain  and  of  more  uniform  strength  than 
when  a  battery  is  used,  as  the  latter  deteriorates  with  use.  When  a 
generator  is  used  to  supply  current  to  a  make-and-break  igniter, 
lamps — one  or  two  in  parallel — are  used  in  series  with  the  igniter  to 
govern  the  amount  of  current;  otherwise,  too  much  current  would 
flow  and  the  contacts  of  the  igniter  would  be  rapidly  burned  away. 

A  switch,  Fig.  121,  should  always  be  included  in  the  electric 
circuit,  and  should  be  thrown  out  when  the  engine  is  not  running, 
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in  order  to  prevent  the  short-circuiting  and  consequent  exhaustion 
of  the  batteries. 

When  multicylinder  engines  are  used,  the  ignition  circuit  is 
closed  for  a  large  proportion  of  the  total  running  time,  and  conse¬ 
quently  the  batteries  will  run  down  rapidly.  To  eliminate  the  trouble 
and  annoyance  of  frequent  refilling  of  the  primary  cells,  or  of  fre¬ 
quent  recharging  of  the  storage  batteries,  it  has  become  usual  in  large 
engines,  and  very  common  in  small  engines,  to  generate  the  current 
required  for  ignition  by  mechanical  power.  The  simplest  means  of 
accomplishing  this  is  by  the  use  of  a  small  dynamo  driven  by  the 
engine;  but  this  generates  a  current  whose  amount  depends  on  the 
speed  of  the  engine.  A  battery  must  be  employed  to  start  the  engine; 
when  the  speed  of  the  dynamo  is  sufficient  to  give  the  desired  current, 
the  battery  is  thrown  out  of  the  ignition  circuit,  and  the  dynamo 
is  put  in  by  means  of  a  double-throw  switch.  As  the  ordinary  ignition 
dynamos  have  self-excited  field  magnets,  the  current  generated 
increases  in  a  double  ratio  with  increase  of  speed;  that  is,  not  only  is 
the  armature  speed  iilcreased,  but  the  field  excitation  is  increased 
also.  The  result  is  that,  as  the  speed  increases,  a  dynamo  is  likely 
to  give  an  excessively  hot  spark,  which  tends  to  burn  away  the 
contact  points  rapidly.  Consequently,  a  dynamo  is  best  used  on  a 
constant-speed  engine.  If  used  on  a  variable-speed  engine,  it  is  nec¬ 
essary  to  have  a  speed  governor,  which  prevents  the  generator  acquiring 
more  than  a  certain  desired  speed;  without  this,  the  current  at  high 
speed  might  be  destructive  to  the  generator.  The  electrical  output  of 
a  dynamo  is  large  compared  with  that  of  a  magneto  of  the  same  size 
and  speed. 

In  large  gas-engine-driven  electric-generating  stations,  the 
ignition  current  is  supplied  by  a  motor-generator  set,  which  is  used 
for  no  other  purpose.  The  engines  are  started  on  a  storage  battery 
and  when  the  main  generators  are  excited,  the  ignition  motor-genera¬ 
tor  set  is  started  and  run  on  the  power  generated  by  the  engines  and 
the  ignition  switched  from  the  battery  to  the  motor-generator  circuit. 
In  some  plants,  where  an  outside  source  of  current  to  run  the  motor- 
generator  set  is  available,  the  storage  battery  is  dispensed  with. 

A  dynamo  may  be  used  either  with  make-and-break  ignition 
or  with  jump-spark  ignition.  In  the  former  case,  it  is  not  absolutely 
necessary  to  have  a  spark  coil  in  series,  as  the  self-induction  of  the  arma- 
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ture  furnishes  the  necessary  extra  current  when  the  circuit  is  broken ; 
a  coil  is  generally  used,  however,  to  increase  the  pressure  after  the 
break.  W  ith  jump-spark  ignition,  the  usual  induction  coil  is  necessary. 

Magnetos.  General  Characteristics .  With  a  variable-speed 
engine,  if  a  mechanically  generated  current  is  to  be  used,  it  is  best 
obtained  from  a  magneto.  *1  he  only  fundamental  difference  between 
a  magneto  and  a  dynamo  is  that  a  magneto  has  permanent  magnets, 
while  a  dynamo  has  electromagnets.  The  strength  of  the  magnetic 
field  through  which  the  armature  rotates  will  naturally  remain  con¬ 
stant  in  a  magneto,  while  with  a  self-excited  dynamo  it  increases  with 
the  speed.  The  variation  of  the  current  generated  with  the  speed, 
will  consequently  be  less  in  a  magneto  than  in  a  dynamo.  A  magneto 
may  be  run  in  either  direction.  For  ignition  purposes  it  is  not  neces¬ 
sary  that  the  current  should  have  constant  direction;  consequently, 


Fig.  122.  Position  of  Rotating  Armature  of  Magneto 

ignition  magnetos  are  not  supplied  with  the  usual  commutators  and 
brushes,  and  they  deliver  an  alternating  current.  One  terminal  of  the 
armature  coil  is  grounded  on  the  armature  core;  the  other  goes  to  a 
collector  ring  on  the  shaft,  and  is  taken  off  by  a  single  brush. 

The  magneto  armature  may  be  constructed  precisely  like  a 
dynamo  armature  with  commutators  and  brushes,  delivering  con¬ 
tinuous  current.  In  that  case  it  does  not  have  to  run  in  step  with 
the  engine,  but  requires  a  spark  coil. 

More  frequently  the  armature  is  of  the  II  type,  Fig.  122,  with 
a  single  coil  of  comparatively  coarse  wire.  The  motion  of  the  arma¬ 
ture  may  be  either  a  continuous  rotation  or  an  oscillation.  With 
continuous  rotation,  the  current  induced  in  the  armature  goes  from 
zero  to  a  maximum,  twice  in  every  revolution.  For  the  spark,  the 
circuit  is  preferably  broken  when  the  armature  current  has  its  maxi- 
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mum  value.  This  is  readily  accomplished  in  magnetos  which  are 
geared  directly  to  the  engine  by  making  the  speed  of  the  magneto 
the  proper  multiple  of  the  speed  of  the  engine,  the  position  of  maxi¬ 
mum  voltage  of  the  magneto  being  made  to  coincide  with  the  explo¬ 
sion  position  of  the  engine.  When  the  magneto  and  engine  have  the 
desired  relative  speeds  and  positions,  they  are  said  to  be  running 
in  step  or  in  synchronism. 

Since  the  time  of  ignition  of  an  engine  should  be  made  earlier 
as  the  speed  becomes  greater,  it  is  desirable  that  the  relative  positions 
of  magneto  and  engine  should  be  capable  of  slight  adjustment  while 

the  engine  is  running.  This  is  ac¬ 
complished  in  various  ways.  It  is 
not,  however,  always  necessary  to 
break  the  circuit  at  the  point  where 
the  current  is  greatest,  since  there 
is  considerable  current  flowing,  as 
seen  in  Fig.  123,  for  some  time 
after  the  magneto  has  passed  its  po¬ 
sition  of  maximum  current.  Con¬ 
sequently,  if  the  relative  positions 
of  magneto  and  engine  are  fixed 
once  for  all,  so  that  the  current  is  at 
its  maximum  when  the  circuit  is 
broken  at  the  highest  speed,  then, 
when  the  circuit  is  broken  with  a 
smaller  advance  at  some  lower  speed,  there  will  be  sufficient  current 
for  a  satisfactory  spark.  Owing  to  the  intensity  of  the  magneto 
current,  the  advance  of  the  spark  that  is  required  in  order  to  produce 
a  satisfactory  explosion  is  considerably  less  than  is  necessary  in  the 
case  of  a  battery  current.  It  is,  of  course,  most  necessary  to  have  a 
hot  spark  when  the  speed  is  highest. 

The  voltage  of  a  magneto  naturally  increases  with  speed;  but 
the  rate  of  the  increase  is  not  nearly  so  great  as  that  of  the  speed, 
on  account  of  the  reaction  of  the  armature  on  the  comparatively 
weak  permanent  field. 

Magnetos  are  used  either  for  make-and-break  or  for  jump- 
spark  ignition.  In  the  former  case,  they  are  low-tension  magnetos; 
in  the  latter,  high-tension  magnetos. 


a  b  c 

Position  of  Armature 

Fig.  123.  Curve  Showing  Current  Induced 
by  Magneto  of  Figa.  122  and  124 
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Electrical  Action.  Magnetos  are  of  two  types:  (1)  those  with 
rotating  armature ;  and  (2)  the  inductor  type,  with  stationary  armature 
and  rotating  segments  or  inductors.  In  both  types— as  in  all  electro¬ 
magnetic  machinery  the  generation  of  electromotive  force  results 
from  changes  in  the  number  of  interlinkages  between  magnetic  lines 
of  force  and  the  coils  of  an  electric  conducting  circuit.  The  number  of 
interlinkages  which  any  one  line  of  force  makes  with  a  closed  coil  of 
wire,  is  the  number  of  turns  or  loops  that  it  traverses.  The  inter- 
linkage  in  any  electromagnetic  apparatus  is  the  sum  of  the  inter¬ 
linkages  of  all  the  magnetic  lines  of  force. 

The  voltage  (and  current)  induced  at  any  instant  is  proportion¬ 
ate  to  the  rate  of  change  of  interlinkage.  Consequently,  no  current  is 
generated  when  the  interlinkage  is  a  maximum,  for  at  that  time  the 
rate  of  change  of  interlinkage  is  zero. 

The  direction  of  flow  of  the  induced  current  depends  on  two 
things:  (1)  Whether  the  interlinkage  is  decreasing  or  increasing; 
and  (2)  the  direction  in  which  the  magnetic  lines  of  force  thread  the 
coil.  A  decrease  in  the  interlinkage  with  the  lines  of  force  threading 
the  coil  in  one  direction,  gives  a  current  in  the  same  direction  as  an 
increase  in  the  interlinkage  when  the  direction  of  the  lines  of  force 
is  reversed. 

Rotating  Armature  Type.  In  Fig.  122,  several  positions  are  shown 
of  the  rotating  H-shaped  armature.  The  long  arrows  passing  through 
the  armature  represent  the  lines  of  force  passing  from  the  N  pole  to 
the  S  pole.  The  winding  a  b  of  the  armature  is  shown  diagram- 
matically,  and  the  direction  of  flow  of  the  current  induced  in  it  is 
indicated  by  the  arrows.  In  position  I,  all  the  magnetic  lines  of  force 
pass  through  the  armature;  the  flux  is  consequently  a  maximum,  and 
the  induced  current  zero.  As  the  armature  rotates  to  position  II, 
the  number  of  lines  of  force  actually  threading  the  armature  decreases, 
and  a  current  is  induced  in  the  direction  shown.  From  position  II, 
the  magnetic  flux  continues  to  decrease  till  it  becomes  zero,  when 
the  armature  is  in  the  vertical  position.  From  there  on,  the  magnetic 
flux  in  the  armature  reverses  itself;  that  is,  instead  of  going  from  A  to 
B,  it  goes  from  B  to  A,  and  increases  in  amount  as  the  armature 
rotates  through  position  III  to  position  IV,  where  it  again  reaches 
its  maximum  value.  The  effect  of  the  increase  of  the  reversed  flux 
is  to  give  an  induced  e.m.f.  in  the  same  direction  as  that  resulting 
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from  the  decrease  of  flux  in  the  original  direction.  Consequently,  the 
e.m.f.  is  in  the  same  direction  while  the  armature  rotates  from  position 
I  to  position  IV;  it  starts  and  ends  at  zero,  and  has  its  maximum 
value  while  the  rate  of  change  of  flux  is  greatest  that  is,  between 
positions  II  and  III.  During  the  other  half  of  the  revolution,  while 
the  armature  is  rotating  clockwise  from  position  IV  to  position  I,  a 
similar  action  takes  place;  but  the  e.m.f.  is  all  the  time  in  the  reversed 
direction,  as  indicated  in  position  V.  The  current  lags  somewhat 
behind  the  e.m.f. 

The  variations  in  the  duration  or  magnitude  of  the  induced  cur¬ 
rent  depend  principally  on  the  design  of  the  pole  pieces  and  armature. 
The  magneto  shown  in  Fig.  124  gives  the  induced  current  represented 
in  Fig.  123  while  it  is  moving  between  the  two  positions  shown — that 

is,  while  it  is  moving  through 
an  angle  of  25°.  The  result 
of  one  complete  revolution 
of  the  magneto  is  an  in¬ 
duced  current  for  about  25° 
of  rotation ;  very  little  cur¬ 
rent  for  the  next  155°;  a 
current  in  the  reversed 
direction  for  the  next  25°; 
and  very  little  current  for 
the  remaining  155°.  This 
magneto  may  then  be  used  for  ignition  twice  in  its  revolution.  If 
it  is  used  with  (1)  a  single-acting  four-cylinder  four-cycle  engine;  or 
(2)  a  double-acting  two-cylinder  four-cycle  engine;  or  (3)  a  single- 
acting  two-cylinder  two-cycle  engine;  or  (4)  a  double-acting  one- 
cylinder  two-cycle  engine,  the  magneto  should  run  at  the  same  speed 
as  the  engine.  With  a  single-acting  six-cylinder  four-cycle  engine, 
it  must  run  at  one  and  one-half  times  the  engine  speed,  in  order  to 
ignite  all  six  cylinders. 

The  ignition  can  occur  only  during  the  comparatively  short 
period  while  current  is  being  induced,  and  should  occur  preferably 
when  the  induced  current  is  at  or  near  its  maximum.  The  form  of  the 
current  curve,  Fig.  123,  is  then  of  importance  in  determining  the 
permissible  variation  in  the  point  of  ignition  while  the  magneto  and 
engine  keep  in  step.  A  magneto  with  a  current  curve  that  keeps  up 


Fig.  124.  Magneto  Giving  Induced  Current  During 
Part  of  Rotation  of  Armature 
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well,  may  permit  as  much  variation  in  the  ignition  as  is  desired.  In 
Fig.  123,  for  example,  the  current  will  be  ample  for  ignition  from  b  to  c 
(that  is,  for  a  rotation  of  the  armature  of  about  15  degrees),  so  that 
there  is  the  possibility  of  changing  the  ignition  through  a  range  of  15°, 
if  the  engine  and  magneto  run  at  the  same  speed. 

A  variation  of  15°  between  the  earliest  and  latest  possible  ignition 
will  be  ample  for  some  engines,  but  may  be  insufficient  for  others. 
Variation  in  the  ignition  is  employed  when  starting  up  an  engine;  and 
also  for  variable-speed  motors,  such  as  automobile  engines,  when  the 
ignition  has  to  be  made  earlier  as  the  speed  increases,  so  as  to  give 


/t\ 


/Tx  /TS 


/T\  ifTx  /T\  /7\ 


Fig.  125.  Diagrams  Illustrating  Action  of  Inductor  Magneto 


time  enough  for  the  combustion  to  be  fairly  complete  shortly  after 
the  beginning  of  the  stroke. 

If  the  design  of  the  magneto  is  such  that  the  current  curve  has 
a  sharp  peak— that  is,  the  duration  of  a  current  sufficient  for  ignition 
is  quite  short— or  if  the  desired  variation  of  ignition  is,  for  any  other 
reason,  greater  than  the  duration  of  an  adequate  current  in  the  arma¬ 
ture  coil,  there  must  be  some  device  for  adjusting  the  relation  of  the 
magneto  to  the  engine  so  as  to  make  the  peak  of  the  current  curve 
•coincide  with  any  desired  point  of  ignition. 

The  simplest  way  of  accomplishing  this  is  to  rotate  the  magneto 
shaft  with  reference  to  the  engine  shaft  by  the  use  of  a  sleeve  with 
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-*■  Rotation  of  /nd actor 

Fig.  126.  Current  Curves  of  an  Inductor 
Magneto 


an  external  spiral  groove  or  an  internal  straight  feather,  which  is 
interposed  between  the  armature  shaft  and  its  pinion.  By  a  longi¬ 
tudinal  movement  of  this  sleeve,  the  armature  is  rotated  in  relation 
to  the  engine  shaft. 

Inductor  Type.  The  action  of  the  inductor  magneto  is  shown  in 

Fig.  125.  This  figure  shows  eight 
positions  in  the  rotation  of  the 
inductor,  which  consists  of  two 
cylindrical  segments  of  soft  iron. 
The  magnetic  condition  of  the 
armature  core  depends  entirely 
upon  the  position  of  the  inductor, 
which,  in  turn,  is  determined  by 
the  engine  position,  the  inductor  being  geared  to,  and  running  synchro¬ 
nously  with,  the  engine.  The  armature  is  stationary.  In  the  positions 
A,  C,  E,  and  G  the  segments  form  a  magnetic  bridge  between  the 
magnet  poles  and  the  heads  of  the  armature  core,  and  the  core 
becomes  highly  magnetized.  The  path  of  the  magnetic  lines  is  shown 

in  the  diagram.  In  these 
positions,  there  is  maxi¬ 
mum  interlinkage.  In 
passing  through  positions 
B,  D,  F,  and  H,  the 
magnetic  lines  are  abrupt¬ 
ly  changed  in  their  direc¬ 
tion,  and  a  vigorous  in¬ 
duced  current  is  set  up, 
both  from  the  breaking 
down  of  the  existing  lines 
of  force  and  from  the  set¬ 
ting  up  of  new  lines  in  the 
opposed  direction.  This 
reversal  occurs  four  times  during  one  revolution  of  the  inductor; 
and  succeeding  reversals  give  current  in  opposite  directions.  Con¬ 
sequently,  the  inductor  magneto  gives  twice  as  many  electrical 
impulses  per  revolution,  and,  consequently,  has  to.  be  rotated  only 
half  as  fast,  as  the  rotating-armature  type  of  magneto.  Since  the 
winding  is  all  stationary,  no  brush  is  needed  to  take  the  current  from 
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Fig.  127.  Bosch  Low-Tension  Magneto 
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the  armature;  all  the  electrical  connections  to  the  armature  are 
stationary.  Typical  current  curves  of  an  inductor  magneto  are  given 
in  Fig.  126. 

The  construction  of  a  simple  magneto  is  shown  in  longitudinal 
section  in  Fig.  127.  The  armature  b,  carrying  the  winding,  rotates 
in  the  bearings/  and  g  between  the  poles  of  the  magnets  a.  One  end  of 
the  winding  is  fastened  to  the  armature  core;  the  other  end  goes  to 
the  contact  piece  c,  which  passes  through  the  hollow  armature  spindle 
and  is  insulated  from  it.  The  current  is  taken  from  this  contact 
piece  c  by  the  carbon  e,  which  is  pressed  against  it  by  a  spiral  spring, 


Fig.  128.  Side  and  Sectional  View  of  Pittsfield  Timer  « 

and  which  is  insulated  by  the  soapstone  disk  m.  The  carbon  k,  which 
is  pressed  against  the  body  of  the  armature  by  a  spiral  spring,  gives 
a  good  electrical  contact  between  the  rotating  armature  and  the 
frame  of  the  magneto.  Such  a  magneto  is  called  a  bw-tension 
magneto.  If  it  is  to  supply  current  for  a  number  of  igniters,  a  timer 
or  distributor  must  be  used  with  it ;  this  distributor  must  be  geared  td 
the  magneto  in  such  way  as  to  insure  a  sufficient  current  being 
generated  at  the  moment  when  the  circuit  is  established  with  each 
of  the  igniters.  The  distributor  is  usually  a  rotating  metal  segment 
connected  with  the  insulated  terminal  of  the  armature  coil,  coming 
in  successive  contact  with  conductors  leading  to  the  insulated 
stationary  electrodes  of  the  igniters. 
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Timers.  The  timer  shown  in  Fig.  128  consists  of  a  cam  (driven  1 
from  the  lay  shaft)  the  high  point  of  which  comes  in  contact  once  | 
during  a  revolution  with  the  rollers  on  each  of  the  four  pivoted  arms.  1 
Each  arm  has  a  contact  point  A,  which  is  thereby  brought  into  con¬ 
tact  with  the  insulated  and  spring-supported  contact  point  B  con¬ 
nected  with  each  of  the  four  terminals.  The  contact  points  are  held 
firmly  together  by  the  springs  until  the  cam  passes.  There  are  coiled 

springs  in  the  pivot  ends  of  the 
arms,  which  hold  the  rollers  in 
contact  with  the  cam. 

Low- Tension  Magneto.  The 
current  from  a  low-tension  mag¬ 
neto  is  used  only  for  make-and- 
break  ignition.  An  example  of 
its  use  is  given  in  Fig.  129,  which 
shows  a  mechanical  make-and- 
break  apparatus  with  a  device  for 
varying  the  time  of  ignition.  The 
cam  A  on  the  lay  shaft,  working 
through  the  lever  B  and  rod  D, 
brings  the  moving  electrode  E 
into  contact  with  the  stationary 
and  insulated  electrode  F.  At  a 
certain  position  of  the  cam,  this 
contact  is  suddenly  broken  by  the 
action  of  the  spring  on  the  rod  D. 
The  interruption  of  the  circuit 
must  be  made  to  occur  while  cur¬ 
rent  is  being  induced  in  the  magneto.  A  moderate  variation  in  the 
time  of  the  ignition  is  obtainable  by  shifting  the  lever  C,  which 
shifts  the  position  of  the  roller  on  the  lever  B ;  a  movement  to  the 
right  makes  the  ignition  earlier;  to  the  left,  later. 

Oscillating  Magneto.  With  such  magnetos  as  those  already 
described,  if  the  armature  is  rotated  in  synchronism  with  the  engine, 
its  speed  will  be  low  when  the  engine  speed  is  low,  and  consequently 
the  current  will  be  feeble  at  that  time.  It  may  be  necessary,  therefore, 
to  have  some  supplementary  source  of  electricity  wdiich  can  be 
switched  on  to  the  igniter  circuit  when  the  engine  is  being  started, 
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or  when,  through  overload  or  other  cause,  it  slows  down  below  a 
certain  speed.  This  auxiliary  source  may  be  either  a  battery  or  a 
separately  driven  generator.  It  is  possible,  however,  to  construct 
an  engine-driven  magneto  which  shall  give  a  current  the  amount  of 


which  is  independent  of  the  speed  of  the  engine.  This  is  accomplished 
by  giving  the  moving  part  of  the  magneto  an  oscillating  instead  of  a 
rotary  motion,  and  making  the  current-generating  movement  occur 
at  a  predetermined  time  through  the  action  of  a  stressed  spring,  and, 
consequently,  at  a  speed  which  does  not  depend  on  the  engine  speed. 
Such  an  arrangement  is  often  used  on  stationary  engines. 
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In  Fig.  130  is  shown  an  oscillating  magneto  of  the  inductor  type 
— first,  in  its  position  of  rest;  and  second,  in  its  position  immediately 
before  tripping.  The  moving  cylindrical  segments  are  fastened  to 
the  T-shaped  lever  C,  whose  fulcrum  coincides  with  the  axis  of  the 
segments.  The  lower  end  of  this  lever  is  moved  through  the  range 
shown  in  the  figure,  by  a  lifter  B,  which  is  fastened  to  the  lay  shaft  A. 
The  extremities  of  the  upper  arms  of  the  lever  are  held  by  strong 
spiral  springs  which  tend  to  keep  it  'in  the  first  position.  On  the 
rotation  of  the  lay  shaft  past  the  second  position,  the  lever  is  tripped, 
and  the  springs  bring  it  smartly  back;  and,  after  a  few  rapid  oscilla¬ 
tions,  it  comes  to  rest  again  in  the  first  position.  This  rapid  oscillation 
gives  rise  to  a  rapid  succession  of  electrical  impulses. 

The  connection  of  such  a  magneto  to  the  make-and-break 
ignition  apparatus,  is  shown  in  the  same  figure.  The  fixed  electrode 
D  is  electrically  connected  to  the  insulated  terminal  of  the  magneto; 
E  is  the  other  electrode,  which  is  kept  in  contact  with  the  fixed 
electrode  by  means  of  a  spring  and  a  bell-crank  lever  until  it  is 
separated  from  it,  on  the  tripping  of  the  magneto,  through  the  impact 
of  the  forked  rod  F  on  the  other  arm  of  the  bell-crank  lever.  A  series 
of  sparks  passes  between  the  electrodes  as  a  result  of  the  oscillation 
of  the  magneto-inductors. 

This  method  of  ignition  gives  admirable  results;  and  it  is  par¬ 
ticularly  applicable  where  one  igniter,  only,  is  to  be  used.  If  more 
than  one  igniter  is  necessary,  there  is  required  a  separate  magneto 
for  each  igniter.  The  action  of  this  apparatus  is  noisy;  and  if  several 
are  in  use,  the  noise  becomes  quite  objectionable.  Also,  it  is  not 
applicable  with  high  speeds  of  rotation.  Its  great  advantage  is  that 
it  gives  an  equally  good  spark  at  all  speeds,  and  that  it  does  away 
with  the  necessity  for  supplementary  sources  of  electricity.  When 
there  are  several  igniters,  or  when  the  speed  is  very  high,  the  rotary 
forms  of  the  magneto  are  more  satisfactory. 

Jump=Spark  Ignition 

Characteristics  of  High=Tension  Method.  The  make-and- 

break  electrical  method  of  ignition,  hitherto  described,  requires  in 
every  case  that  there  shall  be  a  movable  electrode  subjected  to  the 
high  temperature  of  the  cylinder.  This  arrangement,  although 
carried  out  with  success  on  nearly  all  stationary  gas  engines,  has 
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inherent  objections.  The  difficulty  of  keeping  the  ignition  in  working 
order  grows  as  the  size  of  the  engine  decreases,  as  its  speed  increases, 
and  also  with  the  multiplication  of  cylinders.  In  automobile  and 
motor-boat  engines,  it  is  particularly  desirable  that  a  simpler  ignition 
method  should  be  used.  This  is  accomplished  by  th ejump  spark. 

If  an  electric  circuit  is  complete  except  for  a  small  air  gap  (of, 
say,  .1  inch),  and  if  the  electromotive  force  in  the  circuit  is  continu¬ 
ously  increased,  it  will  at  last  reach  such  a  magnitude  that  it  will  be 
able  to  overcome  the  resistance  of  the  air  gap,  and  a  spark ,  or  electric 
arc ,  will  spring  across  the  gap.  As  the  resistance  of  an  air  gap  is 
very  high,  a  considerable  electromotive  force  is  always  necessary, 
and  consequently  this  method  is  spoken  of  as  a  high-tension  method. 
The  moment  the  spark  passes  between  the  electrodes,  the  resistance 
of  the  air  gap  is  reduced  I6000 
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the  electrodes  separate;  Fig.  131.  Curve  Showing  Voltage  Required  for  Spark- 
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and  the  spark  which  Compressions 

passes  from  one  electrode  to  the  other  encounters  little  resistance  until 
they  are  separated  a  considerable  distance,  because  the  continuous 
spark  keeps  the  resistance  low.  When,  however,  the  spark  is  finally 
interrupted  by  the  increase  in  the  air  gap,  it  can  no  longer  jump  the  gap, 
even  when  the  electrodes  approach  very  near  to  each  other,  because  it 
is  only  a  low-tension  current  that  is  used  for  make-and-break  ignition. 

With  a  constant  air  gap,  the  resistance  to  the  passage  of  the 
spark  increases  with  the  pressure  of  the  air  which  surrounds  the 
electrodes.  In  gas  engines  the  spark  is  always  required  to  pass  after 
the  charge  has  been  compressed;  and,  consequently,  a  considerable 
voltage  is  necessary.  The  actual  voltage  required  is  shown  graph¬ 
ically  in  Fig.  131  for  the  small  air  gap  of  .02  inch;  with  80  pounds 
compression,  over  12,000  volts  is  necessary.  For  larger  air  gaps,  the 
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necessary  voltage  is  still  greater.  A  ^-inch  gap  at  atmospheric 
pressure  requires  10,000  volts.  Probably  about  100,000  volts  is 
necessary  on  many  spark  plugs. 

An  ordinary  cell,  primary  or  storage,  will  give  about  two  volts, 
so  that  it  is  obviously  impracticable  to  get  the  desired  electrical 
pressure  by  putting  sufficient  cells  in  series.  The  magnetos  described 
previously  also  give  low  voltages,  sav,  100  to  200  volts  as  the  maxi¬ 
mum  pressure.  In  order  to  use  these  sources  of  electrical  power 
for  jump-spark  ignition,  an  induction  coil  must  be  used  to  transform 
this  low-tension  current  into  the  desired  high-tension  current. 

Induction  Coils  Give  High  Voltage.  General  Theory.  When  a 
current  flows  through  a  coil  of  wire,  magnetic  lines  of  force  are  set 
up  surrounding  (interlinking)  the  coil.  Conversely,  if  magnetic  lines 
of  force  are  made  to  cut  a  coil,  an  e.m.f.  will  be  set  up  in  the  coil, 
whose  magnitude,  as  already  explained,  depends  on  the  rate  of  change 
of  the  interlinkages.  If  the  current  flowing  through  a  coil  ceases 
suddenly,  the  magnetic  lines  of  force  cease  also — that  is,  there  is  a 
sudden  change  of  the  interlinkage;  and,  as  a  result,  a  current  will  be 
induced,  just  as  if  the  magnetic  lines  had  been  due  to  an  outside 
magnet  which  was  suddenly  removed.  The  induced  current  is  in  the 
same  direction  as  the  current  that  was  interrupted.  This  phenomenon 
is  called  self-induction.  The  self-induction  is  greatly  increased  if 
there  is  a  bundle  of  soft-iron  wires  inside  the  coil  of  wire,  as  this 
causes  a  greater  concentration  of  the  lines  of  force  and  increases  the 
interlinkage.  The  ordinary  spark  coil  which  is  used  in  make-and- 
break  circuits,  with  battery  for  source  of  energy,  is  built  on  this 
principle.  When  magnetos  are  used  for  the  generation  of  the  elec¬ 
trical  energy,  the  armature  acts  as  a  spark  coil,  so  that  no  other 
spark  coil  is  necessary.  The  effect  of  the  spark  coil  is  to  increase  the 
electromotive  force  at  the  instant  when  the  current  is  interrupted; 
and,  when  this  interruption  is  due  to  the  actual  breaking  of  the  circuit, 
to  cause  a  spark  to  jump  across  the  gap  formed.  This  is  what  takes 
place  in  the  make-and-break  circuit. 

Primary  and  Secondary  Coils.  If  two  coils  of  wire  are  wound  on 
the  same  core  of  iron  wire,  and  if  one  of  these  coils,  the  primary  coil, 
is  connected  to  a  source  of  current,  and  the  other,  the  secondary  coil, 
is  closed  upon  itself,  then  the  same  number  of  lines  of  force  will  cut 
both  coils,  but  the  interlinkages  will  depend  in  each  coil  on  the  num- 
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ber  of  turns  in  the  coil.  If  the  secondary  coil  has  one  hundred  times  as 
many  turns  as  the  primary  coil,  the  interlinkage  with  the  secondary 
coil  will  be  one  hundred  times  greater  than  with  the  primary  coil; 
and,  consequently,  on  the  interruption  of  the  primary  current  and  the 
disappearance  of  the  magnetic  lines,  the  rate  of  change  of  interlink¬ 
age  will  be  one  hundred  times  as  great  as  in  the  primary  coil.  The 
pressure  of  the  current  induced  in  this  way  in  the  secondary  coil,  can 
be  made  as  high  as  desired  by  increasing  the  number  of  turns  of  the 
coil.  The  action  of  the  one  coil  on  the  other  is  called  mutual  induction. 

Use  of  Condenser.  The  voltage  in  the  secondary  coil  depends 
not  only  on  the  number  of  turns,  but  also  on  the  rate  at  which  the 
magnetic  lines  of  force  threading  the  coil  are  broken  down.  This 
latter  depends  on  the  rate  of  disappearance  of  the  current  in  the 
primary  coil.  Now,  is  it  not  possible  to  stop  the  flow  of  current  in  the 
primary  coil  instantaneously,  with  an  induction  coil  made  up  of  the 
elements  mentioned  above.  It  will  be  found,  on  trying  it,  that  only 
feeble  sparks  will  be  given  by  the  secondary  coil.  The  trouble  arises 
from  the  self-induction  of  the  primary  coil,  which,  as  described  above, 
tends  to  keep  the  current  flowing  after  the  circuit  has  been  broken, 
and  causes  a  spark  to  jump  across  the  broken  primary  circuit.  The 
spark  in  the  primary  circuit  will  be  found  to  be  even  larger  than  the 
spark  that  can  be  obtained  in  the  secondary  circuit;  and  it  not  only 
does  no  good,  but  on  the  contrary  is  most  harmful,  as  it  quickly  burns 
away  the  contact  points  in  the  primary  circuit.  To  remedy  this 
trouble,  the  self-induction  of  the  primary  coil  must  be  overcome;  and 
this  is  accomplished  by  means  of  a  condenser . 

A  condenser  consists  of  a  large  number  of  thin  sheets  of  tinfoil 
separated  from  one  another  by  sheets  of  paraffined  paper  or  other 
insulating  material.  If  the  sheets  of  tinfoil  are  considered  as  num¬ 
bered  in  order,  all  sheets  of  even  number  are  connected  together  and 
to  one  terminal  of  the  condenser;  and  all  sheets  of  odd  number  are 
connected  to  the  other  terminal.  The  condenser  is  then  connected 
across  the  break  in  the  primary  circuit.  A  condenser  constructed 
in  this  way  has  capacity  for  holding  or  retaining  an  electrical  charge. 
When  the  primary  circuit  is  broken,  the  self-induced  current,  instead 
of  forcing  its  way  across  the  gap,  finds  its  path  of  least  resistance  into 
the  plates  of  the  condenser,  and  goes  there  and  is  retained.  If  the 
capacity  of  the  condenser  is  sufficient,  the  current  in  the  primary 
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will  die  down  instantly,  and  consequently  a  high  pressure  will  be 
induced  in  the  secondary  coil. 

Revolving  Contact  Timer  in  Primary  Circuit.  The  making  and 
breaking  of  the  primary .  circuit  for  jump-spark  ignition  is  brought 
about  by  a  revolving-contact  timer  which  replaces  the  tripping 
device  of  the  low-tension  system,  and  which  is  the  only  moving  part 
that  is  necessary.  A  timer  such  as  that  described  earlier  and  shown  in 
Fig.  128,  is  a  common  type  for  this  purpose;  and  it  serves  to  make 
and  break  the  primary  circuit  in  four  separate  induction  coils,  the 

secondary  coils  of  which  are 
connected  to  the  spark  plugs 
of  four  cylinders. 

Vibrator.  With  an  induc¬ 
tion  coil  as  described,  this  would 
give  one  vigorous  spark  when¬ 
ever  the  timer  breaks  a  contact. 
Such  an  arrangement  is  common 
on  bicycle  motors.  It  is  desir¬ 
able,  however,  to  have  a  number 
of  sparks  passing  between  the 
electrodes  of  the  spark  plug,  so 
as  to  insure  greater  certainty  of 
ignition  than  is  possible  with  a 
single  spark.  This  can  be  ac¬ 
complished  by  having  a  rapid 
succession  of  makes  and  breaks 
of  the  primary  circuit  at  the 
time  when  ignition  is  desired. 
The  device  for  effecting  this  is  called  a  trembler  or  vibrator  or  buzzer. 
The  trembler  or  vibrator  may  be  either  mechanically  or  magnetically 
actuated,  the  latter  method  being  that  in  most  general  use  at  present. 
The  mechanical  vibrator  is  but  little  used. 

Mechanical  Vibrator.  One  of  the  best  known  forms  of  mechan¬ 
ical  vibrators  is  shown  in  Fig.  132.  H  and  I  are  the  contact  points 
through  which  the  primary  current  passes.  On  the  tripping  of  the 
spring  blade  C  by  the  cam  E,  the  spring  is  set  in  rapid  vibration,  and 
consequently,  there  is  a  rapid  succession  of  makes  and  breaks  at  the 
contact  points.  The  timing  is  varied  in  this  device  by  rotating  the 


Fig.  132.  Diagram  of  Mechanical  Vibrator 
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Fig.  133*  Contact  Maker  of  Atwater  Kent  Unisparker 
Courtesy  of  Atwater  Kent  Manufacturing  Works, 
Philadelphia,  Pennsylvania 


base  plate  A  on  which  the  contacts  are  supported,  about  the  shaft  F. 
The  cam  E  is  driven  by  gears  from  the  engine  shaft  at  one-half  the 
engine  speed.  PP  are  the  primary  terminals,  and  are  connected 
writh  77  and  7,  respectively.  A  clockwise  rotation  of  the  plate  makes 
the  ignition  earlier.  The 
mechanical  trembler  has 
been  generally  discarded  be¬ 
cause  of  the  breaking  of  the 
spring  blades,  the  burning- 
out  of  the  contact  points 
and  other  troubles. 

Atwater  Kent  Contact 
Maker.  A  device  similar  to 
Fig.132  is  shown  in  Fig.  133. 

The  hardened-steel  rotating 
shaft  in  the  center  has 
as  many  notches  as  there 
are  cylinders,  and  rotates  to 
the  right — clockwise — at  half  engine  speed.  Each  notch  in  turn 
engages  the  hook-shaped  lifter  E,  drawing  it  to  the  right  till  a  certain 
point  is  reached.  Then  the  notch  releases  the  lifter,  which  flies  back 
under  the  pull  of  the  small  coil  spring.  As  the  lifter  returns,  it  rides 
up  on  the  rounded  part  of  the 
shaft,  striking  the  pivoted  ham-  ^ 
mer,  which  is  located  between 
the  lifter  and  the  contact  spring,  $ 
and  causing  the  hammer  to  force 
the  contact  spring  7),  for  an  in-  N 
stant,  against  the  contact  screw  p 
C.  The  motion  is  very  rapid — 
the  hammer  and  contact  spring 
appearing  to  remain  stationary. 

With  this  device,  only  one  spark 
coil  is  needed  even  for  a  multi- 
cylinder  engine,  the  contact 
being  made  and  broken  in  the  primary  by  the  contact  maker 
and  the  secondary  current  sent  to  the  cylinders  by  a  distributor 
mounted  on  the  same  shaft  as  the  contact  maker.  The  mechanism  is 


Fig.  134. 


Automatic  Spark-Advance  Device  of 
Atwater  Kent  Unisparker 
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such  that  the  duration  of  contact  is  constant  regardless  of  speed, 
and  is  only  long  enough  to  build  up  the  current  in  the  spark  coil.  The 
moving  parts  are  extremely  small  and  light  and,  therefore,  the  inertia 
effect  is  reduced  to  a  minimum. 

Fig.  134  shows  a  device  which  is  used  in  connection  with  the 
contact  maker  just  described  and  is  mounted  on  the  same  shaft  and 
in  the  same  case.  It  is  a  centrifugal  governor  which  advances  the 
spark  time  as  the  speed  increases.  The  rotating  shaft  is  divided, 
and  as  the  governor  weights  expand  they  rotate  the  upper  part  of  the 
shaft  in  its  own  direction  of  rotation,  thus  making  and  breaking 
contact  earlier  than  at  slow  speed.  By  the  use  of  this  device  the 


spark  is,  automatically,  properly  timed  to  correspond  with  the 
engine  speed. 

Action  of  Induction  Coil.  It  is  now  the  general  practice  to  have  a 
magnetic  buzzer  or  vibrator  as  part  of  the  induction  coil.  An 
ordinary  induction  coil  is  shown  in  Fig.  135.  The  primary  winding 
leads  from  the  terminal  P,  around  the  soft-iron  core  A,  to  the  metal 
plug  B.  The  secondary  winding  leads  to  the  two  terminals  Si,  S2. 
A  flat  steel  spring  C  is  fastened  to  the  plug  P,  and  has  riveted  at  its 
free  end  the  soft-iron  armature  D .  In  the  normal  position  of  the 
spring  C,  the  armature  D  is  separated  a  short  distance  from  the 
armature  core  A,  and  the  platinum-tipped  contact  point  on  the  back 
of  the  spring  touches  the  similar  contact  point  at  the  end  of  the 
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adjusting  screw  F.  F  is  connected  through  the  battery  and  timer 
with  the  terminal  P. 

When  current  is  sent  through  the  primary  circuit,  the  core  A 
is  magnetized,  attracts  the  armature  D,  and  breaks  the  contact  at  E. 
This  interrupts  the  current  in  the  primary  circuit,  and  with  the  aid 
of  the  condenser  induces  a  powerful  current  in  the  secondary.  As 
soon  as  the  current  in  the  primary  winding  ceases,  the  core  loses  its 
magnetism,  and  the  armature  D  returns  to  its  normal  position, 
re-establishing  the  current  in  the  primary.  The  cycle  of  operations 
then  recommences  and  continues  so  long  as  current  is  supplied  to 
the  primary  coil.  The  time  required  for  one  make-and-break — that 
is,  for  one  complete  vibration  of  the  spring — is  generally  less  than  xio 
of  a  second.  The  rapidity  can  be  varied  by  adjusting  the  contact 
screw  F — which  is  held  in  place  by  the  locknut  shown — the  frequency 
increasing  as  the  screw  is  advanced. 

It  is  not  desirable  to  have  a  very  light  contact  between  F  and 
the  spring,  because,  in  that  case,  a  very  small  force  suffices  to  break 
the  contact,  and,  consequently,  the  primary  circuit  will  be  broken 
before  the  current  has  reached  its  maximum  value.  This  results 
in  a  weak  magnetic  field,  and,  therefore,  in  small  inductive  effect 
and  weak  spark  in  the  secondary. 

Induction  coils  are  applied  to  engines  which  frequently  have 
very  high  speed  of  rotation — 1000  revolutions  per  minute,  or  more. 
With  a  trembler  making  100  vibrations  per  second,  and  an  engine 
making  1000  revolutions  per  minute,  the  crank  will  have  turned 
through  an  angle  of  60°  between  successive  sparks.'  It  is  obvious 
that  the  interval  of  time  between  successive  sparks  is  altogether  too 
great  in  this  case,  since,  if  the  first  spark  does  not  effect  the  ignition, 
the  second  spark  will  come  far  too  late  to  give  efficient  results.  It 
is  desirable,  then,  for  high-speed  engines,  to  make  the  vibration  more 
rapid.  The  natural  period  of  vibration  of  the  ordinary  hammer 
vibrator  depends  on  the  dimensions  of  the  spring  and  the  mass  of 
the  armature.  The  spring,  however,  cannot  be  shortened  below 
certain  limits,  as  that  increases  its  stiffness  too  much,  intensifies  the 
magnetic  force  required  to  move  it,  and,  therefore,  demands  a  larger 
armature. 

For  best  effect — that  is,  to  get  a  greater  induced  current — the 
break  in  the  primary  circuit  should  be  made  more  suddenly  than  is 
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Fig.  136.  Vibrator  of  Splitdorf  Coil 
Courtesy  of  Splitdorf  Electrical  Company, 
Newark,  New  Jersey 


accomplished  by  the  ordinary  vibrator.  With  the  ordinary  vibrator, 
the  circuit  is  broken  as  soon  as  the  spring  begins  to  move — that  is, 
while  the  velocity  of  the  spring  is  still  low.  To  accomplish  a  more 
sudden  break  of  contact,  the  moving  part  of  the  vibrator  may  be 

made  in  two  parts,  as  in 
Fig.  136.  The  hammer 
or  armature,  which  is 
magnetically  attracted  to 
the  core,  does  not  carry 
any  contact  point,  but 
carries,  instead,  a  button 
which,  after  a  certain 
movement  of  the  ham¬ 
mer,  strikes  the  contact  spring  and  breaks  the  primary  current  flowing 
through  the  contact  spring  to  the  contact  screw.  WThen  the  contact 
is  broken,  the  hammer  is  in  the  middle  of  its  stroke,  and  is  moving  with 
considerable  velocity.  The  result  is  a  rapid  break.  The  substitution 
of  the  thin  hammer  for  the  heavier  iron  amature,  Fig.  135,  permits 

higher  speed,  as  the  inertia  effects 
are  less. 

The  vibrations  per  second  of 
the  trembler  vary  in  the  principal 
coils  from  about  100  to  400.  They 
are  generally  designed  for  from 
4  to  6  dry-cell  batteries,  or  a  3-  or 
4-cell  storage  battery.  A  good 
coil  requires  about  .2  to  .25  am¬ 
pere  when  in  use  on  a  single-cyl¬ 
inder  engine.  With  low  compres¬ 
sion  in  the  engine,  and  the  result¬ 
ing  comparatively  low  voltage 
required  in  the  secondary  coil,  the 
.  pressure  of  the  contact  on  the 
trembler  spring  can  be  made  very  slight,  as  it  is  not  necessary  to 
develop  the  full  current  in  the  primary  coil.  With  high-compression 
engines,  the  pressure  of  the  contacts  must  be  increased,  and  the  use 
of  current  will  increase  correspondingly. 

There  is  provided  in  all  coils  a  safety  spark  gap  to  prevent  over- 
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straining  of  the  insulation  in  case  a  current  of  abnormally  high  voltage 
is  sent  through  the  coil.  The  current  will  pass  through  this  gap  if 
the  spark  plug  is  taken  off,  in  which  case  there  is  no  small  air  gap 
in  the  circuit. 

Timers  with  Separate  Induction  Coil.  If  there  are  several 
igniters  on  an  engine,  they  may  be  served  either  by  a  separate  induc¬ 
tion  coil  for  each  igniter,  or  by  a  common  induction  coil  for  all 
igniters.  With  a  separate  induction  coil  for  each  igniter,  and  one 
source  of  electrical  energy,  a  timer  or  primary  commutator  must  be 
used,  rotating  in  synchronism  with  the  engine  and  sending  the  pri¬ 
mary  current  to  the  different  coils  in  succession  at  the  desired  times. 
One  form  of  such  timer  has  been  shown  already  in  Fig.  128.  Other 
forms  are  shown  in  Figs.  137  and 
138.  With  the  snap-off  timer ,  Fig. 

137,  the  pressure  of  the  spring  in¬ 
sures  a  good  contact  between  the 
rotating  contact  piece  C  and  the 
fixed  contact  B;  and  the  ending  of 
the  contact  is  so  abrupt  that  it  may 
cause  a  spark  in  the  secondary  coil, 
even  if  the  vibrator  refuses  to  act. 

Only  one  contact  B  is  shown,  fas¬ 
tened  to  the  non-conducting  case 
D;  but  there  will  be  as  many  con¬ 
tacts  around  the  periphery  of  the 
timer  as  there  are  cylinders. 

In  those  cases  where  the  noise  and  wear  of  this  type  of  timer  are 
objectionable,  the  roller-contact  timer,  Fig.  138,  may  be  used.  In 
both  cases,  by  the  simple  device  of  rotating  the  external  casing 
through  the  desired  angle,  the  times  of  all  the  contacts  can  be 
advanced  or  retarded  simultaneously  apd  by  the  same  amount. 

Distributors.  With  separate  induction  coils  for  the  separate 
cylinders,  the  timing  of  ignition  will  not  be  quite  the  same  in  each 
cylinder,  although  the  timer  contacts  occur  at  exactly  the  proper 
intervals. 

This  results  from  the  fact  that  it  is  not  practicable  to  adjust  the 
vibrators  of  the  coils  so  that  all  have  the  same  period  of  vibration. 
Consequently,  the  ignition  lag  will  be  different  in  the  different  cylin- 


Fig.  138.  Connecticut  Roller-Contact 
Timer  for  Four  Cylinders 
Courtesy  of  Connecticut  Telephone  and,  Elec¬ 
tric  Company,  Meriden,  Connecticut 
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ders;  this  is  why  it  is  important  to  endeavor  to  adjust  all  the  vibrators 
till  they  give  the  same  note.  By  the  use  of  one  coil  for  all  cylinders, 
this  trouble  can  be  remedied,  and  we  get  the  so-called  synchronous 
system. 

If  it  is  desired  to  use  but  one  induction  coil  for  several  cylinders, 
a  timer  is  still  necessary  to  send  current  to  the  primary  coil  at  those 

times  when  ignition  is  desired; 
but  a  distributor,  or  secondary 
commutator,  is  also  necessary, 
to  send  the  high-tension  current 
generated  in  the  secondary  coil 
to  the  proper  spark  plug.  The 
very  high  voltage  of  the  second¬ 
ary  circuit  renders  the  construc¬ 
tion  of  a  distributor  much  more 
difficult  than  the  construction 
of  a  timer.  In  principle  and  in 
method  of  action,  they  may  be  • 
precisely  similar;  but  it  is  nec¬ 
essary  to  give  extraordinary  care 
to  the  insulation  of  the  distrib¬ 
utor,  while  with  the  timer  this 
gives  but  little  trouble.  The  dis¬ 
tributor  is  generally  mounted  on 
the  same  shaft  as  the  timer,  or 
is  geared  directly  to  it. 

On  account  of  the  high  ten¬ 
sion  in  the  secondary  circuit,  it 
is  not  necessary  that  the  revolv¬ 
ing  arm  of  the  distributor  should 
actually  touch  the  insulated  fixed 
contacts;  if  current  is  being  generated  while  the  revolving  arm  is  close 
to  one  of  the  contacts  (say,  ^  inch  away),  a  spark  will  jump  across  the 
gap.  By  the  use  of  a  glass  top  to  the  distributor,  the  action  of  the  coil 
can  be  observed.  A  combined  timer  and  distributor  is  shown  in  Fig. 
139,  the  timer  being  above,  the  distributor  below.  The  primary  cur¬ 
rent  enters  through  the  steel  ball  a ,  which  comes  in  cont  act  with  cams 
c  on  the  rotating  sleeve  b.  The  secondary  current  enters  at  d,  and  goes 


Fig.  139.  Combined  Timer  and  Distributor 
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through  the  steel  ball  e  to  the  brass  strip  /,  and  thence  to  the  base 
of  one  of  the  binding-posts  hh.  Insulation  is  effected  by  having  the 
post  i  and  the  casing  j  of  hard  rubber.  Advance  or  retardation  of 
the  spark  is  effected  by  the  rotation  of  the  case  j  through  the  arm  k. 

High=Tension  Magnetos.  If  a  magneto  is  used  to  supply  current 
for  jump-spark  ignition,  it  is  called  a  high-tension  magneto.  It  may 
be  precisely  the  same  as  the  low-tension  magneto  described  pre¬ 
viously,  generating  a  low-tension  current  which  goes  to  a  separate 
induction  coil;  or  it  may  have  the  secondary  coil  wound  on  the  arma¬ 
ture  of  the  magneto,  so  that  the  magneto  acts  not  only  .as  a  current 
generator  but  as  induction  coil  also.  The  latter  is  the  common 
method.  Since  one  magneto  is  all  that  is  necessary  for  several 


cylinders,  it  is  usual  to  make  the  distributor  an  integral  part  of  a 
high-tension  magneto.  A  timer,  interrupter,  or  circuit  breaker  is 
necessary  to  break  the  primary  circuit  rapidly  at  the  desired  time, 
so  as  to  give  a  good  induction  effect. 

High-Tension  System  for  Four-Cylinder  Engine .  The  gen¬ 
eral  arrangement  of  a  high-tension  magneto  ignition  system  for  a 
four-cylinder  engine  is  shown  in  Fig.  140.  The  primary  and 
secondary  windings  of  the  magneto  are  continuous  with  each 
other.  One  end  of  the  primary  winding  goes  to  the  armature  core; 
the  other  end  goes  to  a  contact  breaker  which,  normally,  short- 
circuits  the  primary  coil>  but  which,  at  the  moment  of  sparking— 
when  the  movement  of  the  armature  is  such  as  to  give  a  vigorous 


219 


208 


GAS  AND  OIL  ENGINES 


l<  •*  I  93 

a?  d  d  w 
d*a  o.S  g 

Cj  .O  Lh  £ 

o  t-vCQ 

«OcU 

|  §  L“  r 

d£2  & 

'  ooO 

£ 

.  *4  Oj 

50  -S« 

■si 

CO 


o  ^  ^ 

rX  O  < 

Co  J.  ! 


"%  43 


»-  60 

«T3  05^ 

CQ'C  ^  X" 


» 


hC 


! 

o  -t> 


<2  03 

Ph  d  - 
H 

,  o 


a 

■  „  a 

S  g  sj 
2  & 
"CQhI 


M  hi) 

a  a 


o 

i-3 


O 


®* , 


I 

,Qj 

<0 


s 

£ 

Q> 

^1 


a  g 

03.2 

r .  -SH 

I  °0  C3  . 

^  ir-7-8 

..«!Sok 
^2  d1*-1  v 
«3  O  1)  bjj  (-. 

s*  a-g« 

s  §<*$1 

^•£.2  I  GO 
o  Ss'o  I 

«  I  t 

-i-i,  M  S  .. 

o  rj  <=<  ^  k. 

3?.  I  S  § 

H-d^  8 

6  p?.£M 

I  W"w  ^  § 

A  -2  CO  3 

«q  p.a 

O  O  -*2 
O  U  ^  C3 

JSSsK 

^  o 

c?  ^  ^  I 
S*".2^‘GQ 

a  si  ‘§k 
jIsssI  . 

c  J2 

35g°| 


i  d  a 

P 

« ttt 
)  <-  | 

I 

1  l  oo 
!  |  <3* 


*  a 

.  OJ 

r>o 


>  £ 

>2 


be 

d 


220 


GAS  AND  OIL  ENGINES 


209 


current  breaks  the  circuit  suddenly,  and  consequently  induces  the 
necessary  current  in  the  secondary.  The  armature  is  of  the  usual 
rotating  type,  running  at  the  same  speed  as  the  engine  and  giving 
two  electrical  impulses  per  revolution.  Hence  the  contact  breaker  is 
arranged  to  break  contact  twice  per  revolution,  giving  two  electrical 
impulses  in  the  secondary  circuit  per  revolution  of  the  engine.  A 
condenser  is  connected  across  the  circuit-breaker  gap  in  the  primary 
circuit.  The  secondary  winding  is  grounded  at  one  end  by  being 
made  continuous  with  the  primary,  and  at  its  other  end  goes  to  an 
insulated  ring  at  the  left,  and  then,  through  a  brush,  to  the  distribu¬ 
tor.  The  safety  spark  gap  minimizes  the  probability  of  injury  to  the 
insulation  of  the  secondary  coil  from  excessive  voltages.  The  dis¬ 
tributor  arm  is  geared  to  the  contact  breaker,  and  revolves  at  one- 
half  its  speed ;  that  is,  it  makes  one  revolution  for  two  revolutions  of 
the  engine.  The  rotating  arm  makes  successive  contacts  with  each  of 
the  four  insulated  segments  during  a  revolution,  and  consequently 
sends  current  to  the  spark  plugs. 

Variation  in  the  time  of  ignition  is  effected  by  varying  the  time 
of  interruption  of  the  primary  circuit. 

Construction  of  Magneto.  The  constructive  details  of  this  mag¬ 
neto  are  shown  in  Fig.  141.  The  end  of  the  primary  winding  is  con¬ 
nected  to  the  brass  plate  1.  In  the  center  of  this  plate  is  screwed  the 
fastening  screw  2,  which  serves,  in  the  first  place,  for  holding  the 
contact  breaker  in  its  position,  and,  in  the  second,  for  conducting 
the  primary  current  to  the  platinum  screw-block  3  of  the  contact 
breaker.  Screw  2  and  screw  block  3  are  insulated  from  the  contact 
breaker  disk  4,  which  has  metallic  connection  with  the  armature  core. 
The  platinum  screw  5  goes  through  the  screw  block  3.  Pressed  against 
this  platinum  screw  by  means  of  a  spring  6,  is  the  contact  breaker 
lever  7,  which  is  connected  to  the  armature  core  and  therefore  with 
the  beginning  of  the  primary  winding.  The  primary  winding  is 
therefore  short-circuited  as  long  as  lever  7  is  in  contact  with  platinum 
screw  5 .  The  circuit  is  interrupted  when  the  lever  is  rocked.  A  con¬ 
denser  8  is  connected  in  parallel  with  the  gap  thus  formed. 

The  end  of  the  secondary  winding  leads  to  the  slip  ring  9,  on 
which  slides  a  carbon  brush  10,  which  is  insulated  from  the  magneto 
frame  by  means  of  the  carbon  holder  11.  From  the  brush  10,  the 
secondary  current  is  conducted  to  the  connecting  bridge  12,  fitted 
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with  a  contact-carbon  brush  IS,  and  through  the  rotating  distributor 
piece  14,  which  carries  a  distributor  carbon  15,  to  the  distributor 
disk  16. 

In  the  distributor  disk  16,  are  embedded  metal  segments  17. 
During  the  rotation  of  the  distributor  carbon  1 5,  the  latter  makes  con¬ 
tact  with  the  respective  segments,  and  always  connects  the  secondary 
current  with  one  of  the  contacts. 

The  contact  breaker  is  fitted  into  the  rear  end  of  the  armature 
spindle,  which  is  bored  out  and  provided  with  a  keyway.  The  con¬ 
tact  breaker  is  held  in  position  by  screw  2.  The  short-circuiting 
and  interrupting  of  the  primary  circuit  is  effected  by  means  of  the 
contact-breaker  lever  7,  on  the  one  hand,  and  the  fiber  rollers  19,  on 
the  other.  As  long  as  the  lever  7  is  pressed  against  the  contact  screw 


Fig.  142.  Typical  Forms  of  Spark  Plugs 


5,  the  primary  circuit  is  short-circuited,  and  the  rocking  of  the  levers 
by  the  fiber  rollers  19  effects  the  break  of  the  primary  circuit;  at  the 
same  moment  ignition  takes  place.  The  distance  between  the 
platinum  points,  when  the  lever  is  lifted  on  the  fiber  rollers,  must  not 
exceed  .5  millimeter  (approximately  inch).  This  distance  may 
be  adjusted  by  means  of  the  screw  5. 

Spark  Plugs.  The  part  of  a  jump-spark  system  that  is  most 
likely  to  give  trouble  is  the  spark  plug  itself.  The  spark  plug  con¬ 
tains  two  electrodes,  with  an  air  gap  which  is  usually  between  ^  and 
inch.  One  of  these  electrodes  is  grounded,  the  other  is  insulated 
as  perfectly  as  possible.  The  difficulty  is  in  keeping  the  insulation 
good  under  the  very  high  voltages  of  the  secondary  circuit.  Not  only 
must  the  insulation  be  electrically  good,  but  it  must  also  be  gas-tight 
under  the  high  pressures  existing  in  gas-engine  cylinders. 
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Some  common  forms  of  spark  plugs  are  shown  in  Fig.  142.  They 
all  consist  of  three  fundamental  parts — the  plug  body ,  which  screws 
into  the  engine  cylinder  and  is  thereby  grounded;  the  insulated 
electrode,  and  the  insulating  body.  The  insulation  is  effected  by  the 
use  of  either  porcelain  or  mica.  The  former  is  the  more  brittle, 
and,  as  it  is  subjected  to  a  high  temperature  inside  the  cylinder  and 
a  low  temperature  outside,  the  unequal  expansion  resulting  is  liable 
to  crack  it;  moreover,  it  is  not  well  adapted  to  withstand  rough 
usage. 

Mica  insulation  is  built  up  of  washers  of  sheet  mica,  generally 
without  any  cement  between  the  washers.  It  is  free  from  the  general 
objections  to  porcelain,  and  is  being  largely  used.  With  either  form 
of  insulation,  however,  trouble  is  likely  to  arise  from  the  sooting  of 
the  plug — that  is,  from  the  deposit  of  carbon  on  the  plug.  This 
deposit  is  most  likely  to  form  on  the  surface  of  the  insulator,  and 
forms  a  conducting  bridge  from  the  insulated  electrode  to  the  plug 
body.  Even  if  the  spark  plug  works  satisfactorily  when  tried  in  the 
open  air,  it  may  not  work  in  the  cylinder,  as  the  greater  resistance 
which  the  compressed  gases  offer  to  the  jumping  of  the  spark  may 
cause  the  current  to  go  over  the  surface  of  the  insulating  material  if 
this  is  not  clean.  To  increase  the  resistance  to  such  leakage  of  the 
current,  the  surface  of  the  insulator  is  often  made  greater  by  cor¬ 
rugations. 

In  Fig.  142,  the  first  plug  is  a  closed-end  plug.  Some  of  the 
charge  is  compressed  into  the  plug;  and  being  the  part  of  the  charge 
that  is  first  ignited,  it  expands  and  rushes  out  of  the  enclosed  space  so 
violently  as  to  prevent  carbon  deposit.  The  second  and  third 
are  of  the  open  type.  The  fourth  plug  is  another  example  of  the 
closed  type;  its  insulation  consists  of  a  mica  tube  inside  a  porcelain 
tube.  The  porcelain  is  held  in  place,  gas-tight,  by  an  accurate  taper- 
ground  joint  without  packing.  The  spring  on  top  takes  up  heat 
expansion  of  the  porcelain.  The  fifth  plug  is  of  the  open  type, 
with  four  grounded  electrodes  around  the  central  electrode;  there  are 
two  porcelain  bushings  around  the  insulated  electrode. 

The  electrodes  are  sometimes  of  platinum,  but  more  commonly 
of  nickel  steel,  which  resists  oxidation  nearly  as  well  as  platinum. 

Comparison  of  Ignition  Systems.  A  comparison  of  the  magni¬ 
tude  and  duration  of  the  current  flowing  in  the  various  methods  of 
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ignition  is  given  by  the  curves  in  Fig.  143.  With  make-and-break 
ignition,  Fig.  143a,  the  current  increases  from  the  time  the  contact 
points  are  brought  together  till  the  circuit  is  opened ;  then  the  ate  is 
drawn,  and  lasts  while  the  coil,  which  is  still  receiving  current  from 
the  source  of  electricity,  discharges  its  magnetic  energy;  this  time 
may  be  about  five-thousandths  of  a  second.  With  high-tension 
ignition  without  a  vibrator,  Fig.  1436,  the  only  difference  of  the 
primary  current  curve  from  Fig.  143a  is  that  by  the  action  of  the 

condenser  the  primary  break 
is  ‘instantaneous.  The  re¬ 
sulting  secondary-induced 
current  is  of  smaller  amount, 
rises  instantaneously  to  its 
maximum  value,  and  lasts 
about  one-thousandth  of  a 
second.  With  a  vibrating 
coil,  Fig.  143c,  having  the 
same  duration  of  closing  of 
the  primary  circuit  by  the 
timer  as  in  the  previous  case, 
there  is  seen  to  be  less  energy 
for  each  spark  in  the  second¬ 
ary,  as  the  current  does  not 
build  up  as  high  in  the  pri¬ 
mary  during  the  shorter 
contacts. 

The  make-and-break 
system  of  ignition  gives  a 
hotter  spark  and  one  of 
longer  duration  than  is  ob¬ 
tainable  with  jump-spark  ignition,  and  hence  gives  more  effective  igni¬ 
tion;  it  is  used  almost  exclusively  in  large  engines.  This  system  is, 
electrically,  most  simple,  but  mechanically  it  is  complicated.  The  j  ump 
spark,  on  the  other  hand,  is  mechanically  simple,  while  the  electrical 
system  is  complex.  The  mechanical  simplicity  of  the  jump-spark 
system  has  led  to  its  practically  exclusive  use  in  automobile  and 
motor-boat  engines;  moreover,  it  is  better  adapted  to  high  speeds  of 
rotation. 
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ENGINE  DETAILS 
GOVERNING 

Functions  of  a  Governor.  The  governing  of  an  engine  means 
the  control  of  the  power  which  it  is  developing,  so  that  its  speed  is 
maintained  practically  constant.  If  the 
engine  develops  more  power  than  is  re¬ 
quired,  the  engine  will  speed  up;  if  the 
power  delivered  to  the  crankshaft  is  less 
than  the  resistance  there,  the  engine  will 
slow  down.  The  governing  of  a  gas  engine, 
like  that  of  the  steam  engine,  is  effected  by 
utilizing  small  variations  of  engine  speed 
resulting  from  change  of  engine  load.  The 
controlling  mechanism,  or  the  governor 
proper,  does  not  differ  from  that  used  on 
the  steam  engine.  If  the  work  that  must 
be  done  by  the  governor  proper,  or  regu¬ 
lator  head,  in  moving  the  governor  valve 
mechanism  to  correspond  with  changes  in 
the  load  is  light — as  is  the  case  in  small  and 
medium-power  engines — a  fly- 
ball  or  an  inertia  governor  is 
generally  used,  as  seen  in  Figs. 

144  and  153,  respectively.  If 
the  valve  mechanism  is  heavy 
and  apt  to  stick  because  of 
impurities  in  the  gas — as  in  a 
large  engine — a  regulator  head, 
such  as  is  shown  in  Fig.  145,  is 
employed.  The  way  in  which 
the  governor  mechanism  con¬ 
trols  the  work  done  by  a  gas 
engine  is  very  different  from 
that  employed  in  a  steam  en¬ 
gine.  There  are  two  general 

methods  in  USe  in  gaS  engines  Fit?.  145.  Hartung  Regulator  Head 

for  varying  the  power— one  by  Fr0m  Gmdners’  “  Verbrennungskraftsmaschinen" 

varying  the  number  of  explosions  or  impulses  per  minute,  which  is 


Fig.  144.  Otto  Engine  Governor 
Courtesy  of  Otto  Gas  Engine  Works, 
Philadelphia,  Pennsylvania 
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known  as  the  hit-and-miss  system;  and  the  other  by  varying  the 
magnitude  of  the  impulse  while  keeping  the  number  per  minute  con¬ 
stant,  which  may  be  called  the  variable-impulse  system. 

Hit=and=Miss  System.  Method:  The  omission  of  the  explosion 
or  impulse  can  be  obtained  in  several  ways.  The  most  common 
method  is  to  keep  the  gas-admission  valve  closed  so  that  air  alone  is 
taken  in  during  the  admission  stroke,  and,  consequently,  there  is  no 
explosion.  A  method  of  accomplishing  this  is  to  be  seen  in  Fig.  144, . 
in  which  a  loaded  centrifugal  governor  is  shown  driven  by  bevel 
gearing  from  the  camshaft.  In  the  position  shown,  the  gas-admis¬ 
sion  cam  d  will  come  under  the  reel  c,  and  will  start  to  lift  it  at  the 
beginning  of  the  admission  stroke.  The  reel  c  is  loose  on  a  spindle 
at  the  end  of  the  horizontal  lever  e,  and  the  vertical  rise  of  the  spindle, 
due  to  the  action  of  the  cam,  opens  the  gas  valve  by  a  system  of 
levers  not  shown  in  the  figure.  If  the  engine  speeds  up,  the  rise  of 
the  governor  balls  raises  the  sleeve  on  the  governor  spindle,  lifts  the 
horizontal  arm  of  the  bell-crank  lever  fulcrumed  at  a,  and  shifts  the 
forked  end  b  of  the  vertical  arm  to  the  right,  carrying  the  reel  c  with 
it,  so  that  the  cam  no  longer  engages  it  and  no  gas  is  admitted.  When 
the  speed  comes  down  to  normal,  the  reel  is  moved  back,  and  the 
admission  of  gas  again  takes  place. 

Disadvantages.  The  hit-and-miss  method  is  open  to  the  objec¬ 
tion  that  it  makes  the  speed  of  the  engine  very  irregular  at  any  other 
than  full  load.  Even  at  full  load,  with  the  Otto  cycle  and  a  single- 
acting  cylinder,  there  is  only  one  motive  stroke  or  impulse  in  four 
strokes,  instead  of  one  every  stroke  as  in  a  double-acting  steam 
engine.  If  the  engine  governs  by  the  hit-and-miss  method  and  is 
running  at  half-load,  half  the  explosions  will  be  omitted,  and  there  will 
be  but  one  motive  stroke  in  eight;  at  one-third  load,  there  is  but  one 
motive  stroke  in  twelve;  and  at  quarter-load,  one  in  sixteen.  Running 
at  quarter-load,  the  engine  will  be  speeded  up  during  the  motive 
stroke,  and  will  slow  down  during  the  succeeding  fifteen  strokes,  till 
it  gets  to  normal  speed  again.  The  actual  variation  in  speed  at  low 
loads  can  be  reduced  by  use  of  a  heavy  flywheel;  but  with  this  method 
of  governing,  it  is  too  great  for  use  when  close  regulation  is  necessary, 
as,  for  example,  in  electric  lighting.  An  incidental  advantage  of  this 
method  is  that,  during  idle  cycles,  the  cylinder  is  flushed  out  by  the 
scavenging  charge  of  air,  making  the  next  explosion  more  powerful. 
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For  loads  approaching  full  load,  where  the  number  of  misses  is 
small,  the  explosion  directly  following  a  miss  will  be  more  powerful 
than  the  average,  but  those  succeeding  it,  before  another  miss,  will 
each  be  weaker  than  the  first  one,  due  to  the  fact  that  when  there  are 
no  misses  the  gases  remaining  in  the  clearance  are  not  scavenged  out, 
and  dilute  the  charge  with  inert  gases.  At  very  low  loads  the  number 
of  misses  greatly  exceeds  the  number  of  explosions  and,  for  that 
reason,  the  first  explosion  following  a  miss  will  be  weaker  than  the 
average,  due  to  the  fact  that  the  cylinder  has  been  cooled  off  by  the 
large  number  of  scavenging  charges  of  cool  air,  and,  therefore,  the 
first  charges  are  somewhat  slow-burning.  These  facts  add  to  the 
irregularity  of  governing  and  although,  theoretically,  this  system 
gives  the  best  fuel  consumption,  practically,  the  efficiency  is  extremely 
variable. 

In  engines  which  have  an  automatic  admission  valve,  the 
omission  of  an  explosion  is  sometimes  effected  by  the  action  of  the 
governor  in  keeping  the  exhaust  valve  open  throughout  the  cycle. 
The  free  communication  between  the  cylinder  and  the  outside, 
through  the  exhaust  valve,  prevents  the  formation,  during  the 
admission  stroke,  of  the  vacuum  necessary  to  open  the  admission 
valve.  (Consequently,  so  long  as  the  exhaust  is  open,  the  admission 
valve  will  remain  closed;  the  cylinder  will  contain  only  products  of 
combustion;  and  no  explosion  can  occur.  This  system  has  the  draw¬ 
back  that  the  cylinder  is  not  scavenged  at  all. 

Variable=Impulse  System.  The  amount  of  work  done  in  a 
given  gas  engine  depends  on  the  strength  of  the  charge  (< qualitative 
governing ),  on  its  amount  (< quantitative  governing),  on  the  timing  of 
the  ignition,  and  on  several  other  factors.  The  engine  can  be  governed 
by  the  variation  of  any  one  of  these  systems  or  a  combination  of  any 
two;  and  the  three  specifically  mentioned  are  all  in  regular  use  for 
this  purpose. 

Qualitative  Governing.  If  the  governing  is  effected  by  varying 
the  strength  of  the  charge,  the  control  has  to  be  such  that  the  mixture 
is  always  an  explosive  one.  With  each  kind  of  gas  used  in  an  engine, 
there  are  both  higher  and  lower  limits  to  the  amount  of  air  with  which 
it  may  be  mixed  if  it  is  to  remain  an  explosive  mixture.  If  the  ratio 
of  air  to  gas  should  be  outside  these  limits,  the  mixture  sent  to  the 
exhaust  would  be  unburned,  and  valuable  gas  would  be  lost.  It 
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naturally  follows  that  if  the  engine  goes  above  normal  speed  when 
admitting  the  weakest  explosive  mixture,  the  power  of  the  engine 

has  to  be  further  reduced  by  omit¬ 
ting  the  admission  of  gas  entirely. 
In  Fig.  146  is  shown  a  device  for 
governing  in  the  manner  just  de¬ 
scribed.  The  governor  d  is  driven 
from  the  camshaft  c  through  the 
bevel  gears  shown.  The  gas  is 
admitted  by  raising  the  end  of 
the  lever,  on  which  is  a  reel  b  sim¬ 
ilar  to  c  in  Fig.  144.  The  sleeve  a 
is  free  to  slide  on  a  feather  on  the 
camshaft  c,  its  exact  position  being 
controlled  by  the  governor  through 
the  bell-crank  lever  e.  On  the  sleeve 
a  is  a  series  of  cams  of  the  same 

Fig.  146.  Sketch  Showing  Typical  Gover-  throw,  but  of  different  cirCUHlfer- 
nor  Operating  Under  Qualitative  system 

ential  lengths.  The  duration  of  the 
admission  of  gas  is  varied  by  shifting  the  sleeve  so  as  to  bring  different 
cams  into  engagement  with  b.  In  the  position  shown,  the  engine  is 
above  normal  speed,  the  sleeve  is  at  extreme  position  to  the  right,  and 


Fig.  147.  Indicator  Cards  Taken  at  Different  Loads;  Qualitative  Regulation 
Courtesy  of  Buckeye  Engine  Company,  Salem,  Ohio 


no  gas  is  being  admitted.  As  the  speed  of  the  engine  falls,  the  sleeve 
travels  to  the  left,  admitting  gas  for  a  definite  period  for  each  engine 
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speed.  With  full  load  on  the  engine,  the  reel  engages  with  the  longest 
cam,  and  the  strongest  mixture  is  admitted  to  the  cylinder. 

W  ith  this  method  of  governing,  the  same  amount  of  the  mixture 
is  always  taken  into  the  cylinder,  and,  consequently,  the  pressure  at 
the  end  of  compression  is  always  the  same.  The  explosion,  however, 
becomes  weaker  as  the  mixture  is  “leaner”,  and  requires  a  longer 
time  for  its  completion.  A  comparison  of  the  areas  of  Figs.  8  and  10, 
pages  22  and  23,  shows  the  effect  of  a  weaker  mixture  on  the  power  of 
the  engine.  The  manner  of  applying  this  method  of  regulation  to  a 


Fig.  148.  Diagram  Showing  Mixing  Valve  of  Westinghouse  Throttle  Governor 
Courtesy  of  Westinghouse  Machine  Company,  Pittsburgh,  Pennsylvania 


large  gas  engine  is  described  on  page  124,  and  the  details  of  the 
construction  of  the  governor  mechanism  are  shown  in  Figs.  65  and  66, 
pages  122  and  123.  The  effect  of  a  considerable  fluctuation  of  load  on 
the  indicator  cards,  with  this  system  of  regulation,  is  shown  in  Fig.  147. 

Quantitative  Governing.  It  is  found,  in  practice,  that  there  is  a 
certain  strength  of  the  explosive  mixture  which  gives  the  most 
economical  running  of  the  engine.  It  is  obviously  desirable  to  run  the 
engine  with  a  mixture  of  this  strength;  and  that  can  be  done  when  a 
hit-and-miss  governor  is  used.  When  it  is  desired  to  have  an  impulse 
every  cycle,  a  constant  strength  of  mixture  can  be  maintained  if  the 
power  of  the  engine  is  controlled  by  varying  the  amount  of  the 


229 


218  GAS  AND  OIL  ENGINES 

mixture  taken  in.  Two  methods  of  obtaining  this  system  of  regulation 
are  in  practical  use  :  the  throttling  method,  in  which  the  mixture  pro¬ 
portions  are  kept  constant  and  the  charge  is  throttled  down  through¬ 
out  the  suction  stroke  by  governor-operated  valves;  and  by  the  cut¬ 
off  method,  in  which  the  incoming  charge  is  completely  cut  off  by 
the  governor  at  some  point  in  the  suction  stroke,  the  charge  expand¬ 
ing  for  the  rest  of  the  stroke. 


Fig.  149.  Governor  of  Westinghouse  Gas  Engine 
Courtesy  of  Westinghouse  Machine  Company ,  Pittsburgh,  Pennsylvania 

Throttle  Governing.  An  example  is  shown  in  Figs.  148  and  149 
of  the  actual  mechanism  used  for  this  purpose.  Gas  from  the  pas. 
sage  G  enters  the  mixing  chamber  M  where  it  meets  air  entering 
from  A  through  a  similar  passage.  The  mixture  flows  from  the  mixing 
chamber  to  the  governor-valve  chamber  C.  The  governor  valve 
D  is  a  double-beat  poppet  valve,  so  that  the  mixture  flows  from  the 
governor-valve  chamber  at  the  middle  of  the  valve  to  the  engine 
inlet  passage  E  through  both  the  upper  and  lower  valves,  as  shown 
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by  the  arrows.  The  relative  amounts  of  gas  and  air  are  regulated 
by  the  two  levers  H II,  which  operate  the  two  plug  valves  in  the 
gas  and  air  passages.  With  the  two  levers  in  constant  positions,  the 
areas  for  admission  of  gas  and  air  to  the  mixing  chamber  M  will  be 
fixed,  and  consequently  the  strength  of  the  mixture  will  be  constant, 
d  he  actual  amount  of  the  mixture  entering  the  cylinder  is  controlled 
by  the  governor  B,  through  the  governor  lay  shaft  F,  so  that  the 
governor  valve  D  is  al¬ 
most  closed — the  mix¬ 
ture  is  throttled — when 
the  speed  increases. 

This  method  of  gov¬ 
erning  permits  a  perfect 
adjustment  of  the  work 
done  in  the  cylinder 
each  cycle,  and  conse¬ 
quently  gives  more  uni¬ 
form  speed  of  the .  engine 
than  any  of  the  methods 
so  far  described.  Another 
method  of  accomplishing 
it  is  shown  in  Fig.  150.  The 
air  and  gas  pass  through 
a  mixing  valve  which 
controls  the  proportions 
according  to  the  power  demand,  before  it  reaches  the  throttle  valve. 

The  throttling  of  the  mixture  imposes  extra  work  upon  the  engine 
during  the  admission  stroke,  as  the  piston  has  to  move  out  with  a 
vacuum  behind  it.  At  the  end  of  the  admission,  the  pressure  in  the 
cylinder  will  be  less  and  less  as  the  load  on  the  engine  becomes  smaller, 
and,  consequently,  the  pressure  in  the  cylinder  at  the  end  of  com¬ 
pression  is  less  as  the  load  decreases.  With  decreased  compres¬ 
sion,  the  combustion  of  the  mixture  is  slower.  This  is  well  shown  in 
Fig.  151,  which  gives  a  series  of  indicator  cards  taken  at  different 
loads  from  an  engine  using  a  strong  mixture  and  a  throttling  governor. 

The  throttling  governor  valve  shown  in  Figs.  148  and  149  has 
the  inherent  disadvantage  that  the  mixture  is  made  at  the  valve  and, 
consequently,  the  passage  from  the  throttle  valve  to  the  inlet  valve 


Fig.  150.  Throttle  Governor  of  Crossley  Engine 
Courtesy  of  Crossley  das  Engine  Company, 
Manchester ,  England 
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Fig.  151.  Indicator  Cards  Taken  at  Different 
Loads;  Quantitative  Regulation 


is  full  of  explosive  mixture  at  all  times,  so  that  there  is  a  considerable 
volume  of  gas  to  explode  in  the  inlet  passages  if  a  back  fire  should 

occur.  The  valve  shown  in  Fig. 
150  has  the  additional  dis¬ 
advantage  that  the  pull  on  the 
valve,  due  to  the  engine  suc¬ 
tion,  is  unbalanced  and  tends 
•to  pull  the  governor  to  a  posi¬ 
tion  that  does  not  correspond 
to  the  speed  of  the  engine. 

The  valve  shown  in  Fig. 
152  overcomes  both  of  these  disadvantages,  as  the  pull  due  to  the  suc¬ 
tion  of  the  engine  is  balanced  by  acting  in  opposite  directions  on  two 
disks  and  the  gas  and  air  are  prevented  from  mixing  by  the  collar  on 

the  valve  stem  between 
the  gas  and  air  disks. 
This  collar  forms  a  slid¬ 
ing  fit  in  the  partition 
between  the  gas  and  air 
passages.  The  gas  and 
air  are  conducted  to  the 
inlet  valve  in  separate 
passages  and  do  not  mix 
until  the  inlet  valve  opens 
(see  Figs.  56  and  57  and 
page  113)  and  thus,  in 
case  of  a  back  fire,  the 
explosion  is  confined  to 
the  small  volume  of  mix¬ 
ture  contained  in  thp 
inlet-valve  cage. 

In  the  engines  shown 
in  Figs.  49  to  68,  the 
throttling  method  of  reg¬ 
ulation  is  almost  univer¬ 
sally  employed. 

Cut-Off  Governing.  Another  method  of  accomplishing  quanti- 
tati  veregulation,  as  has  been  already  pointed  out,  is  to  admit  a 


Fig.  152.  Governor  Valve  of  Bruce-MacBeth 
Producer-Gas  Engine 

Courtesy  of  Bruce-MacBeth  Engine  Company, 
Cleveland,  Ohio 
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mixture  at  atmospheric  pressure  for  part  of  the  admission  stroke 
only,  the  duration  of  the  admission  being  determined  by  the  governor. 
This  method  of  governing  gives  an  indicator  card  similar  to  Fig.  7, 


Fig.  153.  Governor  Bar,  Valve,  and  Cage  of  Alberger  Automatic  Cut-Off  Engine 


Courtesy  of  Alberger  Gas  Engine  Company ,  Buffalo,  New  York 

page  20.  The  difference  between  an  engine  governing  in  this  way  and 
one  governing  by  the  throttling  method,  is  similar  to  that  between  a 
Corliss  steam  engine  and  a  throttling  steam  engine.  The  advantage 


Fig.  154.  Sectional  Views  of  Alberger  Automatic  Cut-Off  Valve 
Courtesy  of  Alberger  Gas  Engine  Company,  Buffalo,  New  York 

of  cut-off  governing  is  in  the  decreased  work  done  by  the  engine  in 
drawing  the  charge  into  the  cylinder.  The  use  of  a  partial  charge, 
whether  obtained  by  throttling  or  by  cutting-off,  permits  the  expan- 
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sion  of  the  exploded  mixture  to  a  pressure  lower  than  is  possible  in  an 
engine  admitting  a  full  charge  and  having  the  same  pressure  at  the 
end  of  compression.  This  is  the  practical  method  of  obtaining  the 
increased  expansion,  the  advantage  of  which  has  been  already 

pointed  out  in  the  section  on 
Thermodynamics. 

In  Fig.  153,  the  valve-ac- 
'tuating  mechanism,  and  Rites 
inertia  governor  of  a  cut-off 
system  are  shown.  In  Fig.  154 
the  cut-off  valve  is  shown  in 
position  in  the  inlet  manifold. 
The  valve  and  valve  cage  each 
have  the  same  number  of  ports 
of  equal  width,  the  ports  in  the 
valve  being  longer  than  those 
in  the  cage.  The  cage  is  located 
entirely  in  the  manifold  prop¬ 
er,  while  the  valve  projects 
through  the  manifold  into  the 
gas  and  air  inlets  on  either 
side.  Across  the  center  of  the 
valve,  a  partition  is  cast  so 
that  the  gas  enters  the  mani¬ 
fold  above  and  the  air  below 
this  partition.  By  raising  or 
lowering  the  valve,  by  means 
of  a  thumbscrew,  the  partition 
in  the  valve  is  raised  or  low¬ 
ered  and  the  relative  gas-  and 
air-port  openings  can  be  va¬ 
ried,  while  the  total  opening 
remains  constant,  in  order  to 
adjust*  by  hand  for  widely 
varying  gas  quality. 

The  valve  is  opened  and  closed  by  a  slight  rotary  movement 
imparted  to  it  by  the  actuating  mechanism,  which  is  driven  by  the 
equivalent  of  a  variable  length  crank  mounted  on  the  governor  bar. 


Fig.  155.  Sections  Showing  Variable  Admission 
Governing  of  Crossley  Engine  for  Light 
and  Full  Loads 

Coxirtesy  of  Crossley  Gas  Engine  Company , 
Manchester,  England 
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A  well-known  English  method  of  “variable  admission”  or 
quantitative  governing  is  shown  in  Fig.  155.  The  governing  is 
effected  by  varying  the  lift  of  the  inlet  valve  by  varying  the  position 
of  the  fulcrum  A  on  which  the  radius-lever  B  rotates.  The  control 
of  the  position  of  the  fulcrum  by  the  governor  is  evident  from  the 
drawings.  The  mixture  of  air  and  gas  takes  place  at  the  admission 
valve. 

When  economy  is  not  of  the  greatest  importance,  the  power  of 
the  engine  may  be  controlled  by  varying  the  point  of  ignition.  It  has 
been  shown  already,  Fig.  109,  page  175,  that  the  power  of  the  engine 
decreases  as  the  lead  of  the  ignition  becomes  less.  If  the  ignition  occurs 
after  the  beginning  of  the  stroke,  the  lead  is  said  to  be  negative,  and 


the  power  is  greatly  decreased.  If  the  lead  is  increased,  Fig.  110, 
there  still  results  a  decrease  of  power.  The  control  of  the  power 
by  varying  the  ignition  alone  is  always  uneconomical,  but  the  method 
is  one  of  extreme  simplicity. 

With  qualitative  regulation  the  spark  should  be  advanced,  with 
decrease  of  load,  over  the  setting  at  maximum  load  in  order  to  allow 
more  time  for  the  combustion,  which  is  slower  with  the  weaker 
mixture,  Fig.  147. 

Combined  Systems.  The  best  of  the  modern  methods  of  govern¬ 
ing  is  a  combination  of  the  qualitative  and  quantitative  methods. 
As  the  power  of  the  engine  decreases,  the  strength  of  the  mixture  is 
decreased  till  the  most  economical  mixture  is  reached.  For  lower 
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Curve 

No. 


TABLE  XIV 

Data  on  Engines  Giving  Efficiency  Curves  of  Fig. 


157 


Type  of  Engine 


Deutz,  single  cylinder. 

Westinghouse,  3-cylinder 
vertical . 


Deutz . 

Guldner,  single  cylinder 
Niirnberg . 


Swiderski,  single  cylinder 
Deutz,  single  cylinder 
Diesel . 


Diesel . 

Hornsby-Akroyd. 


Banki. 


Rated 


b.h.p. 


50 

100 


450 

35 

1200 

15 

12 

70 

8 

25 


25 


200 

270 


220 

106 

235 

285 

158 

275 

202 

210 


Fuel 


Illuminating  gas 
Natural  gas.  .  . 


Producer  gas. 
Producer  gas. 
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loads,  this  most  economical  mixture  is  kept,  but  the  amount  of  it 
admitted  to  the  cylinder  is  decreased. 

The  cards  shown  in  Fig.  156  are  taken  from  an  engine  which  has 
a  combination  of  the  qualitative  and  quantitative  methods  of  Regu¬ 
lation,  and  besides  has  a  governor-actuated  ignition  advance,  so  that, 
as  the  load  falls  off  ,  the  ignition  is  advanced  to  give  as  nearly  constant- 
volume  combustion  as  the  mixture  will  allow.  The  operation  of  the 
mixing  apparatus  is  as  follows:  With  a  maximum  load  on  the  engine, 
the  quality  of  the  mixture  is  such  as  to  give  the  highest  mean  effective 
pressure  and  the  maximum  compression  possible.  When  the  load 
falls  off,  the  strength  of  the  mixture  decreases  until  the  load  on  the 
engine  has  decreased  to  about  25  per  cent  of  the  maximum  load. 
After  this,  from  25  per  'Cent  of  the  maximum  load  down  to 
friction  load,  the  charge  is  no  longer  weakened  but  is  varied  in  quan¬ 
tity  by  throttling.  It  will  be  noticed  by  examining  these  diagrams 
that  the  compression  is  practically  constant  for  all  loads  except  the 
very  lowest.  It  will  also  be  observed  that  the  combustion  is  much 
more  rapid  throughout  the  range  of  loads  than  is  the  ease  in  Figs.  147 


and  151. 

A  few  typical  efficiency  curves  of  engines  fitted  with  the 
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Per  Cent  of  Rated  B.H.F 

Fig.  157.  Efficiency  Curves  of  Engines  Fitted  with  Various  Systems  of  Regulation,  for  Various  Percentages  of  the  Rated  Load 

From  Carpenter  and  Diederichs’  “ Internal  Combustion  Engines” 
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various  systems  of  regulation,  for  various  percentages  of  the  rated 
load,  are  shown  in  Fig.  157.  Table  XIV  gives  the  explanatory 
data  corresponding  to  these  curves. 


VALVES  AND  VALVE  GEAR 
Valves.  The  inlet  and  exhaust  valves  in  gas  engines  are  nearly 
always  poppet  or  mushroom  valves  with  conical  seats  similar  to  those  j 
shown  in  Figs.  44  to  107.  The  lift  is  usually  about  one-fourth  the 

diameter.  The  exhaust  valves 


Fig.  15S.  Valve  Motion  for  Alberger  Engine, 
Valves,  3  to  6  Inches  in  Diameter 


Courtesy  of  Alberger  Gas  Engine  Company , 
Buffalo,  New  York 


are  nearly  always  mechanically 
operated;  the  main  inlet  valves 
are  sometimes  automatic.  The 
automatic  valve  is  similar  in 
action  to  a  pump  suction 
valve,  and  is  kept  on  its  seat 
by  a  weak  spring,  opening  only 
when  the  pressure  in  the  cyl¬ 
inder  is  sufficiently  below  the 
atmospheric  pressure  to  permit 
the  latter  to  overcome  the  re¬ 
sistance  of  the  spring.  Con¬ 
sequently,  the  suction  or  ad¬ 
mission  pressure  in  the  gas 
engine  is  always  low  when  auto¬ 
matic  inlet  valves  are  used. 
The  effect  is  to  decrease  the 
amount  of  the  charge  taken  in, 
the  work  done  by  the  engine, 
and  its  efficiency;  the  only  ad¬ 
vantage  is  the  greater  simplic¬ 
ity.  Most  small  gas  engines 
have  automatic  inlet  valves. 


A  positively  actuated  admission  valve  is  shown  in  Fig.  158. 
The  valve  is  lifted  by  a  cam  a  on  the  side  shaft  b,  through  the  lever 
fulcrumed  at  c.  The  valve  closes  by  its  own  weight,  assisted  by  a 
spring,  and  is  guided  in  its  motion  by  a  long  sleeve.  The  valve  chest  \ 
is  completely  water- jacketed.  The  exhaust  valve  is  located  directly  ^ 
behind  the  admission  valve  and  is  actuated  by  a  similar  mechanism. 
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This  arrangement  of  valves  and  method  of  actuating  them,  as  applied 
to  larger  engines,  is  shown  in  Fig.  159.  In  this  arrangement  the  inlet 
valve  is  located  directly  over  the  exhaust  valve  and  is  actuated 
through  an  additional  lever  and  rod  as 
shown.  Other  positively  actuated  inlet 
valves  are  shown  in  preceding  figures. 

The  pressure  in  the  cylinder  when 
the  exhaust  valve  opens  is  generally 
from  25  to  45  pounds  above  the  atmos¬ 
pheric  pressure,  and  the  exhaust  valve 
has  to  be  lifted  against  this  pressure. 

With  a  mushroom  valve  4  inches  in 
diameter,  and  with  40  pounds  pressure 
per  square  inch  at  the  end  of  expan¬ 
sion,  there  wTould  be  a  total  pressure 
of  about  500  pounds  on  the  valve  at 
the  time  when  it  is  to  be  lifted.  It  is 
desirable  to  more  favorably  take  care 
of  the  strain  on  the  valve  mechanism, 
and  in  large  engines  this  is  sometimes 
done  by  making  the  exhaust-valve 
actuating  rod  lift  the  valve,  rather  than  push  it  up;  thus  putting  the 
rod  in  tension  instead  of  compression. 

Valve  Gearing.  Cams  and  Eccentrics.  The  valves  are  most 
commonly  operated  by  cams.  Cams  are  pref¬ 
erable  to  eccentrics  for  this  purpose,  because 
they  can  be  designed  to  give  very  prompt 
opening  and  closing.  In  large  engines,  how¬ 
ever,  cams  soon  become  noisy,  due  to  wear 
caused  by  the  heavy  total  pressures  the  cams 
must  lift.  For  that  reason,  eccentrics  are 
substituted  in  large  engines  in  place  of  cams, 
the  slower  opening  and  closing  being  more 
than  offset  by  the  quietness  of  running.  The 
cams  or  eccentrics  are  mounted  upon  a  lay 
shaft,  or  side  shaft,  or  camshaft.  The  camshaft  Flg'  160‘  Type  of  Spiral  Gear 
is  driven  in  different  engines  either  by  spur  gears,  bevel  gears,  or  spiral 
or  skew  gears.  The  spur  gear  (see  Fig.  27)  can  be  used  only  for  parallel 


Fig.  159.  Valve  Motion  for  Alberger 
Engine  Valves  Exceeding  6£  Inches 
in  Diameter 

Courtesy  of  Alberger  Gas  Engine 
Company,  Buffalo, 

New  York 
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shafts;  the  bevel  gear,  for  shafts  which  are  in  the  same  plane  but  are 
inclined  to  one  another;  and  the  spiral  or  skew  gear,  Fig.  160,  for 
shafts  which  are  not  parallel  and  do  not  lie  in  the  same  plane.  To 
reduce  the  speed  of  the  camshaft,  the  spur  and  bevel  gears  must  have 
the  gear  on  the  camshaft  twice  the  size  of  that  on  the  main  shaft. 
With  the  spiral  gear,  there  is  no  necessary  relation  between  the  diam¬ 
eters  of  the  two  gears  and,  generally,  the  gear  on  the  camshaft  is 
smaller  than  that  on  the  main  shaft.  The  spiral  gear  has  great 
advantage  over  the  other  two  in  its  quietness  of  operation. 

Double-Gear  Drive. '  In  large  gas  engines  the  lay  shaft  is  some¬ 
times  driven  by  two  sets  of  spiral  gears,  in  which  case  the  only  duty 

of  the  first  lay  shaft  is  to  drive 
the  second  lay  shaft  and  the 
regulator  head.  The  duty  of 
the  second  lay  shaft  is  to  oper¬ 
ate  the  valves,  igniters,  etc., 
and  to  that  end  the  eccentrics 
and  cams  are  all  mounted  on 
the  second  lay  shaft.  It  is  a 
very  common  practice  in  such 
drives  to  have  an  odd  number 
of  teeth  on  the  spiral  drive 
gears — or,  as  it  is  called,  a 
“hunting  tooth”.  By  this 
means  the  same  two  teeth,  on 
driver  and  driven  gear,  come 
into  contact  infrequently  and  the  wear  on  the  teeth  is  evenly  distrib¬ 
uted  around  the  gear  and  the  life  of  the  gear  thus  increased. 

Valve  Setting.  Moderate-Speed  Engine  Practice.  The  timing  of 
the  various  events  in  an  Otto-cycle  gas  engine  depends  greatly 
on  the  speed  of  rotation  of  the  engine;  the  higher  the  speed,  the  earlier 
should  be  the  exhaust  and  the  ignition.  For  engines  of  moderate 
speed,  the  exhaust  valve  opens  from  30°  to  60°  before  the  crank 
reaches  the  out  dead  center;  and  closes  when  the  crank  is  on  the  in 
dead  center,  or  shortly  after,  sometimes  as  much  as  15°  after.  The 
admission  normally  begins  5°  to  10°  after  the  in  dead  center,  and 
ceases  about  10°  to  20°  after  the  out  dead  center,  with  mechanically 
actuated  valves. 
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Setting  the  V alves  to  Help  Scavenging.  In  some  engines,  especially 
in  the  large  ones,  the  fact  that  the  moving  column  of  exhaust  gas 
has  considerable  inertia  in  flowing  through  the  exhaust  port  is  utilized 
to  scavenge  the  cylinder.  Because  of  this  inertia  the  exhaust  gases 
will  keep  on  flowing  out  of  the  exhaust  port  even  if  the  inlet  valve  is 
opened  as  much  as  20°  before  the  in  dead  center.  The  inertia  of  the 
exhaust  will  also  create  enough  suction  on  the  air  to  suck  some  of  it 
through  the  inlet  port,  driving  the  exhaust  gases  out  of  the  clearance 
and  at  least  partially  scavenging  the  cylinder.  The  gas  valve  is  then 
opened  about  10°  before  the  in  dead  center,  since  there  is  no  danger 
of  the  exhaust  gases  firing  the  incoming  mixture  as  there  is  a  stratum 
of  air  between.  The  inertia 
acquired  by  the  mixture  dur¬ 
ing  the  suction  stroke  is  simi¬ 
larly  utilized  to  obtain  more 
complete  cylinder  filling  by 
keeping  the  inlet  valve  open 
until  as  late  as  30°  after  the 
out  dead  center.  The  advance 
of  the  ignition  depends  largely 
on  the  kind  of  ignition  em¬ 
ployed  ;  it  averages  about  30° 
with  electrical  ignition. 

In  Fig.  161  is  shown  the 
valve  setting  of  one  end  of  a 

large  double-acting  horizontal  Fig.  162.  Valve  Setting  Diagram  for  a  Reversible 

Two-Cycle  Marine  Diesel  Engine 

tandem  producer-gas  engine. 

The  valve  setting  of  a  reversible  two-cycle  marine  Diesel  engine 
is  shown  in  Fig.  162.  In  this  engine  the  reversing  angle — the  angle 
through  which  the  valve  diagram  must  be  displaced  in  order  for  the 
engine  to  run  normally  in  the  reverse  direction — for  the  scavenging 
air  is  58°— 26°  or  32°,  and  for  the  fuel  injection  is  41°  —  5°  or  36°. 

Typical  Valve  Timing.  The  respective  lags  and  leads  of  a 
high-speed  motor — automobile,  marine,  or  flying-machine  motor — 
should  be  greater  in  proportion  as  the  motor  is  intended  to  run  at 
higher  rotary  speed.  For  a  motor  intended  to  run  at  normal  speed, 
say  a  4  X  5-in.  motor  to  run  at  1200  revolutions  per  minute,  the  follow¬ 
ing  timing  would  be  suitable: . 
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Exhaust  opens  40°  ahead  of  bottom  dead  center 
Exhaust  closes  5°  past  top  dead  center 
Inlet  opens  10°  past  top  dead  center 
Inlet  closes  20°  past  bottom  dead  center 
In  motors  intended  to  run  at  very  high  speed  and  consequent  y 
provided  with  valves  of  very  large  diameters,  the  tuning  may  be 
made  as  follows: 

Exhaust  opens  45°  ahead  of  bottom  dead  center 
Exhaust  closes  10°  past  top  dead  center 
Inlet  opens  15°  past  top  dead  center 
Inlet  closes  30°  past  bottom  dead  center 
If  the  high-speed  motor  is  timed  to  give  the  very  best  output 
at  high  speeds  it  will  not  run  so  satisfactorily  at  low  speed,  and  will 
not  be  as  flexible.  This  is  due  to  the  fact  that  when  the  exhaust 
valve  opens  very  early,  some  of  the  power  otherwise  available  at 
low  speed  is  lost  through  the  exhaust,  and  when  the  inlet  closes  very 
late,  some  of  the  charge  drawn  in  during  the  suction  stroke  will  be 
forced  out  again  during  the  beginning  of  the  compression  stroke. 

The  correct  valve  setting  of  a  Knight  sleeve-valve  automo  l  e 
motor  is  approximately  as  follows : 

Exhaust  opens  55°  ahead  of  bottom  dead  center 
Exhaust  closes  15°  past  top  dead  center 
Inlet  opens  5°  past  top  dead  center 
Inlet  closes  40°  past  bottom  dead  center 

STARTING 

General  Nature  of  Problem.  A  gas  engine  will  not  start  itself 
in  the  way  a  steam  engine  does,  when  steam  is  turned  on.  It  is 

necessary  to  get  the  engine  in  motion 
by  means  of  some  special  source  of 
power,  before  it  can  take  up  its  nor¬ 
mal  cycle  of  operations.  Generally, 
this  special  source  of  power  is  not 
adequate  to  get  the  engine  moving 
rapidly  when  it  is  connected  to  any 
Fig.  163.  Ignition-Retarding  Device  considerable  load;  it  is  always  prefer¬ 
able,  and  often  necessary,  to  throw  the  load  completely  off  the  engine 
till  it  gets  under  way. 
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In  the  normal  running  of  an  engine,  the  ignition  of  the  charge 
occurs  before  the  end  of  the  back  stroke;  and,  if  the  time  of  ignition 
is  kept  the  same  when  starting,  there  is  the  possibility,  often  the  cer¬ 
tainty,  that  the  high  pressure  of  the  explosion  acting  on  the  piston 
before  the  crank  has  reached  dead  center,  will  overcome  the  inertia  of 
the  engine,  which  is  small  because  of  its  low  speed,  and  will  reverse 
its  direction  of  rotation.  The  ignition  has  to  be  retarded  by  some 
device,  so  that  it  will  not  occur  till  after  the  crank  has  passed  dead 
center.  An  example  of  a  device  for  retarding  the  ignition  (with  make- 
and-break  ignition)  is  given  in  Fig.  163.  The  igniter  rod  A  (compare 
with/,  Fig.  117),  which  is  worked  by  a  crank  on  the  side  shaft  B,  is 
supported  during  normal  running  on  the  reel  C,  which  is  loose  on  the 
fixed  spindle  D.  In  the  position  shown,  it  is  just  about  to  trip  the 
interrupter  lever  E  on  the  spindle  carrying  the  movable  electrode. 
When  starting,  the  reel  C  is  slid  along  the  spindle  D  so  that  the 
igniter  rod  A  rests,  as  shown  in  the  dotted  lines,  directly  on  D;  con¬ 
sequently  the  tripping  occurs  later. 

Hand  Starting.  There  are  several  general  methods  of  starting 
gas  engines.  If  the  engine  is*small,  not  exceeding  10  horsepower,  and 
can  be  disconnected  from  its  load,  it  is  common  to  start  it  by  turning 
it  over  by  hand  for  a  few  revolutions,  till  an  explosive  mixture  is 
admitted  and  ignited.  As  it  is  difficult  to  pull  the  engine  over  when 
the  charge  is  compressed  for  the  whole  back  stroke,  most  engines  are 
provided  with  an  extra  exhaust  cam  which  is*  put  into  action  while 
starting,  and  which  not  only  opens  the  exhaust  valve  during  the 
exhaust  period,  but  also  opens  it  again  during  the  first  part  of  the 
compression  period,  so  that  some  of  the  explosive  mixture  is  forced 
out  of  the  cylinder  and  the  amount  of  compression  decreased.  The 
explosion  of  this  diminished  charge  after  the  crank  has  passed  the 
dead  point,  starts  the  engine  going;  and  after  operation  under  these 
conditions  for  several  cycles,  the  engine  will  come  up  to  speed  if  it  is 
not  loaded  heavily,  and  the  compression  and  ignition  may  then  be 
changed  back  to  the  normal  running  conditions. 

Compressed=Air  Starting.  With  large  engines  it  is  impracticable 
to  start  by  hand,  and  other  devices  have  to  be  used.  One  of  the 
simplest  and  most  certain  is  to  start  the  engine  by  the  admission  of 
compressed  air,  which  acts  on  the  piston  just  as  steam  does  in  a 
steam  engine.  This  method  is  especially  desirable  in  an  engine  with 
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several  cylinders,  in  which  case  one  cylinder  is  used  as  a  compressed- 
air  cylinder  to  run  the  engine  till  the  other  cylinders  take  up  their 

normal  cycle  of  opera¬ 
tions;  and  then  the  com¬ 
pressed  air  is  shut  off 
and  the  first  cylinder  is 
put  into  normal  action. 
If  the  engine  has  only 
one  cylinder,  it  may  be 
brought  to  a  good  speed 
by  .the  admission  of  com¬ 
pressed  air;  and  then, 
after  the  compressed  air 
is  shut  off,  it  will  con¬ 
tinue  to  revolve  by  its 
own  inertia  until  an  ex¬ 
plosive  mixture  is  taken 
in  and  exploded. 

Fig.  164.  Typical  Air  Compressor  *  An  arrangement  for 

starting  a  multicylinder  engine  with  compressed  air  is  illustrated 
in  Figs.  49  and  164.  A  compressor,  Fig.  164,  which  is  driven  by 


Drain  Trop 

Fig.  165.  Diagrammatic  Arrangement  of  Cam-Controlled  Compressed-Air  Starter 
Courtesy  of  Crossley  Gas  Engine  Com-pany,  Manchester,  England 


a  belt  from  the  engine,  forces  air  into  a  storage  tank,  and  brings 
it  to  a  pressure  of  about  160  pounds.  In  case  of  need  the  com¬ 
pressor  can  be  operated  by  hand.  When  the  engine  is  to  be 
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started,  the  compressed  air  can  be  admitted  to  one  of  the  cylin¬ 
ders.  The  cam  B,  Fig.  49,  on  the  upper  shaft  is  first  thrown  out 
of  action  by  a  special  device,  so  that  the  inlet  valve  J  cannot 
open.  The  hand  lever  on  the  outside  of  the  crankcase  near  the  cam 
A  is  thrown  over,  putting  the  ordinary  exhaust  cam  A  out  of  action, 
but  bringing  into  action  a  double  cam  which  keeps  the  exhaust  valve 
E  open  throughout  every  upstroke  of  the  engine.  Another  cam  on 
the  same  shaft  is  brought  into  action  at  the  same  time,  and  operates 
a  starting  valve  on  the  pipe  from  the  compressed-air  reservoir. 


Fig.  166.  Starting  Gear  of  Fairbanks-Morse  Engine 
Courtesy  of  Fairbanks,  Morse,  and  Company,  Chicago 


admitting  compressed  air  to  the  cylinder  on  every  down  stroke. 
The  cylinder  then  acts  as  a  compressed-air  engine  till  the  explosions 
begin  in  the  other  cylinders,  when  the  cams  B  and  A  are  brought 
back  to  their  normal  positions  and  the  starting  cylinder  functions 
normally.  In  other  engines,  compressed  air  is  admitted  to  the  cylin¬ 
der  during  the  expansion  stroke,  by  manual  operation  of  a  special 
valve.  After  two  or  three  admissions  during  successive  cycles,  the 
engine  will  attain  speed  enough  to  permit  the  opening  of  the  gas 
valve  and  the  commencement  of  the  cycle. 
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The  arrangement  in  Fig.  165  shows  diagrammatically  a  belt- 
driven  compressor  and  the  other  accessories.  The  air  is  admitted 
from  the  receiver  at  the  proper  time  through  the  action  of  the  cam- 
controlled  valve. 

Combined  Hand=  and  Ignition=Starting.  With  engines  up  to 
50  horsepower,  a  common  method  of  starting  is  to  ignite  a  charge 
which  has  been  drawn  into  the  engine  by  turning  it  over  by  hand. 
The  engine  is  brought  to  the  beginning  of  the  expansion  stroke,  and  a 
definite  amount  of  gasoline  is  put  into  a  cup  which  connects  with  the 
cylinder  through  an  open  cock.  The  engine  is  then  pulled  over  till 

the  piston  has  made  half 
its  forward  stroke,  air 
being  drawn  in  and  form¬ 
ing  an  explosive  mixture 
with  the  gasoline  which 
enters  at  the  same  time. 
The  gasoline  valve  is 
then  closed,  and  the  en¬ 
gine  turned  quickly  in  the 
opposite  direction;  the 
charge  is  compressed  as 
much  as  possible,  and 
then  ignited.  The  igni¬ 
tion  is  brought  about  by 
tripping  the  electric  ig¬ 
niter  by  hand,  or  by  the 
use  of  a  special  detonator. 
It  is  not  possible,  with  a 
loaded  engine,  to  compress  the  charge  much  by  hand,  so  that  this 
method  is  applicable  only  to  engines  of  moderate  size  which  can  be 
disconnected  from  their  starting  load. 

If  the  engine  has  to  start  under  moderate  load,  it  is  generally 
necessary  to  supply  it  with  a  charge  which  has  been  compressed  to  a 
high  pressure.  This  can  be  accomplished  by  setting  the  engine  with 
the  crank  about  ten  degrees  past  the  dead  center  on  the  expansion 
stroke,  and  then  pumping  an  explosive  mixture  into  the  cylinder, 
Fig.  166,  till  the  piston  begins  to  move.  At  that  instant  the  charge 
is  ignited,  and  the  work  done  by  the  expansion  of  the  exploded  charge 


Fig.  167.  Method  of  Supplying  Engine  with 
Compressed  Charge 
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will  be  enough  to  start  the  engine  on  its  cycle  of  operations.  Another 
method  of  accomplishing  the  same  thing  is  to  connect  the  cylinder 

E,  Fig.  167,  with  a  special  starting  chamber  D.  When  the  engine  is 
being  shut  down,  the  special  inlet  valve  A  is  lifted  from  its  seat,  so 
that  at  each  suction  stroke  air  is  drawn  through  the  chamber  D  by 
way  of  the  valve  F.  The  chamber  D,  the  cylinder,  and  the  con¬ 
necting  pipe  are  thus  filled  with  pure  air  at  atmospheric  pressure. 
When  the  engine  is  to  be  started,  the  gas'  cock  C  is  opened  and  gas 
flows  both  into  the  chamber  D  and  into  the  cylinder,  a  cock  on  the 
cylinder  being  opened.  A  pilot  light 
burns  across  the  opening  above  the  valve 

F,  and  after  a  short  time  a  combustible 
mixture  of  air  and  gas  issues  and  catches 
fire.  If  the  cock  C  is  then  closed,  the 
flow  of  the  explosive  mixture  stops,  and 
the  flame  consequently  shoots  back  past 
the  valve  F  and  ignites  the  mixture  in  D, 
closing  the  valve  F  against  an  upper  face 
by  the  force  of  the  explosion.  The 
flame  proceeds  to  the  cylinder,  the  con¬ 
tents  of  which  will  have  been  compressed 
by  the  explosion  in  D,  and  causes  an 
explosion  there. 

Starting  Automobile  and  Marine 
Motors.  Electric  Motor.  Automobile 
and  marine  motors  are  often  started 
either  by  an  electric  motor  or  by  com¬ 
pressed  air.  The  starting  electric  motor 
has  a  pinion  on  its  shaft  which  can  be 
engaged  and  disengaged  with  gear  teeth  cut  in  the  flywheel  rim. 
The  motor  is  supplied  with  current  from  a  storage  battery,  which  is 
recharged  by  a  generator  which  is  always  in  gear  with  the  engine. 
This  generator  is  also  used  to  supply  current  for  the  electric  lights  on 
the  car  or  boat.  The  starting  switch  is  operated  by  the  pedal  that 
moves  the  motor  drive  pinion  in  mesh,  so  that  as  the  gear  meshes 
the  electric  motor  is  started  and  when  the  gasoline  engine  begins  to 
function  normally  the  pedal  is  returned  to  its  original  position,  thus 
disengaging  the  drive  pinion  and  stopping  the  motor. 


Inlet  and 


Fig.  168.  Crescent  Air  Crank  for 
Marine  or  Automobile  Motor- 
Top  View  Showing  Normal  Posi¬ 
tion  of  Crank;  Lower  View  Show¬ 
ing  Action  of  Device  in  Cranking 
Motor 

Courtesy  of  Gray  Motor  Company, 
Detroit,  Michigan 
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Compressed  Air.  If  compressed  air  is  used,  the  usual  arrange¬ 
ment  is  to  lead  the  compressed  air  from  the  storage  tank  to  a  rotary 
distributor,  driven  by  the  camshaft  at  half  the  crankshaft  speed, 
which  distributes  the  air  at  the  proper  time  to  pipes  leading  to  each 
cylinder,  the  pipe  being  connected  to  the  cylinder  through  a  check 
valve  which  prevents  the  explosion  blowing  back  into  the  starting 
air  pipe. 

Air  Crank.  Another  device  for  starting  automobile  or  marine 
motors  is  known  as  an  air  crank.  As  shown  in  Fig.  168,  this  appara¬ 
tus  consists  of  a  frame,  a  short  shaft  and  ratchet,  and  a  crescent¬ 
shaped  cylinder,  in  which  travels  a  piston  and  curved  crank  arm  that 
carries  a  pawl.  This  air  crank  is  mounted  in  front  of  the  flywheel, 
and  its  shaft  is  attached  to  the  front  end  of  the  engine  shaft  by  a 
flexible  joint. 

When  the  operator  touches  a  push  button,  a  charge  of  air 
throws  the  crank  arm  over  half  a  revolution,  the  pawl  engages 
the  ratchet,  and  the  motor  is  cranked  in  the  natural  manner,  only 
with  such  speed  and  power  as  to  give  the  motor  several  complete 
revolutions,  a  quick  suction  on  the  carbureter,  and  a  hot  spark  from 
the  magneto.  In  most  cases,  one  or  two  throws  are  sufficient,  but,  if 
necessary,  the  engine  can  be  cranked  about  fifty  times,  as  rapidly  as 
the  button  can  be  pushed. 

Starting  Large  Engines  with  Compressed  Air.  Large  gas  engines 

are  generally  started  by  compressed  air.  One  system  is  the  same  as 
that  described  for  automobile  and  motor-boat  engines.  In  another 
system,  each  cylinder  end  is  fitted  with  a  double  check  valve — one 
spring-loaded  valve  is  held  against  its  seat  by  the  explosion  pressure  in 
the  cylinder,  the  other  check,  or  “pilot  valve”,  as  it  is  called,  is  held 
against  its  seat  whenever  the  starting  air  is  turned  on  to  the  system. 
This  pilot  valve  can  be  opened  by  a  rod,  which  is  actuated  by  a  cam 
on  the  lay  shaft  and,  when  open,  admits  the  air  to  the  first  valve 
mentioned — the  cylinder  check — which  is  opened  by  the  pressure  of 
the  compressed  air,  thus  admitting  the  air  to  the  cylinder.  In  this 
way  each  cylinder  end  in  turn  receives  an  impulse  from  the  com¬ 
pressed  air  during  its  normal  expansion  stroke,  the  compressed  air 
is  exhausted  during  the  normal  exhaust  stroke,  and  suction  and 
compression  of  the  mixture  occur  as  in  the  normal  running,  to  be 
followed  by  explosion.  As  soon  as  all  cylinder  ends  are  firing  regu- 
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larly,  the  air  is  shut  off,  and  the  pilot  valves  drop  by  gravity  allowing 
the  push  rods  to  drop  far  enough  so  that  they  are  not  actuated  by 
the  cams.  In  this  way  the  starting  mechanism  is  entirely  out  of 
gear  except  when  it  is  being  used  for  starting. 

With  any  compressed-air  starting  gear  in  which  all  cylinders 
are  both  air  cylinders  and  combustion  cylinders  during  starting, 
great  care  must  be  used  not  to  open  the  gas  throttle  too  wide  in 
starting,  since,  if  too  much  gas  is  present  with  the  high-pressure  air, 
the  explosion  pressure  may  be  excessive  and  enough  to  wreck  the 
engine. 

COOLING 


Air  Cooling.  In  very  small  engines,  it  is  possible,  when  the  engine 
is  placed  in  a  strong  current  of  air,  to  replace  the  water  jacket  by  a 
system  of  thin  metal  ribs  (Fig.  169)  or  points  on  the  external  surface 
of  the  cylinder.  The  current  of 
air  can  be  obtained  either  from  a 
fan  driven  by  the  engine,  or,  as 
in  motorcycle  or  revolving-cylin¬ 
der  motors,  by  the  movement  of 
the  engine  itself.  A  cooling 
system  in  which  a  suction  fan 
creates  a  current  of  air  about 
each  cylinder  of  a  multicylinder 
engine  is  shown  in  Fig.  77  and 
described  on  page  135. 

Water  Cooling.  Cylinder 
Barrel  and  Cylinder  Head.  In 
all  the  preceding  sectional  views 
of  gas-engine  cylinders,  it  will  be 
seen  that  the  cylinder  barrel  and 
the  cylinder  head  have  double 
walls,  and  in  every  case  provision  is  made  for  the  active  circulation  of 
water  through  the  space  between  the  two  walls.  Without  the  use  of  a 
water  jacket  or  some  equivalent  device,  the  engine  would  be  inop¬ 
erative,  not  only  because  the  high  temperature  to  wThich  the  cylinder 
would  be  raised  by  the  explosions  would  vaporize  the  lubricating  oil 
and  cause  the  rapid  destruction  of  the  cylinder,  but  also  because  the 
entering  mixture  would  be  exploded  before  its  time,  by  contact  with 


Fig.  169.  Section  of  Cylinder  Showing  Fins 
Used  for  Air  Cooling 
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the  hot  metal.  In  large  gas  engines  the  cylinder  and  cylinder-head 
jackets  are  usually  separate  and  are  provided  with  independent 
water  circulation  systems.  .  .1 

Exhaust  Valve.  The  necessity  for  effective  cooling  is  greater  in 
the  larger  engines;  it  is  necessary  to  water-jacket  the  exhaust  valve  I 
in  large  engines,  in  order  that  it  may  not  be  warped  out  of  shape  by  < 
the  high  temperature,  and  may  not  be  hot  enough  to  ignite  the  j 

entering  charge.  -  • 

As  can  be  seen  from  the  sectional  views  of  engines  in  earlier 
pages,  the  effective  cooling  of  the  exhaust-valve  head  is  insured 
by  conducting  the  inlet  jacket  water  to  the  head  by  a  pipe  within 
the  valve  stem.  The  water  overflows  from  the  top  of  this  pipe, 

cooling  the  head,  and  passes  < 
down  between  the  pipe  and 
the  walls  of  the  valve  stem, 
thus  also  cooling  the  valve 
stem.  Water  is  admitted 
and  discharged  from  mov¬ 
ing  valves  in  a  variety  of 
ways:  by  means  of  flexible 
connections  made  of  rubber 
hose;  by  swing-joint  pipes; 
by  telescope  tubes;  by  a  pipe 
sliding  through  a  stuffing 
box  into  a  chamber — a  so- 
called  “shot  gun”;  and  the  discharge  may  also  betaken  off  by  simply 
allowing  the  moving  end  of  a  pipe  to  discharge  freely  into  a  catch  basin. 

Piston  and  Piston  Rod.  Large  single-acting  and  all  double¬ 
acting  engines  must  have  their  pistons  water-cooled  in  order  to 
prevent  over-heating  of  the  machine  parts,  pre-ignitions,  lubri¬ 
cating  and  packing  troubles.  The  jacket  water  can  be  admitted  to 
and  discharged  from  the  moving  piston  in  any  of  the  ways  enumerated 
above  in  the  case  of  exhaust  valves.  The  means  for  admitting  and 
discharging  the  jacket  water  from  a  large  trunk  piston  is  shown  in 
Fig.  63,  page  119,  and  Fig.  100,  page  163,  and  from  a  large  single- 
acting  piston  fitted  with  a  piston  rod  and  crosshead,  Fig.  102.  In 
double-acting  engines  the  piston  rod  must  be  cooled  as  well  as  the 
piston  itself.  This  is  an  advantage,  since  it  would  be  difficult  to  get  the 


Fig.  170.  Section  of  C.  &  G.  Cooper  Gas  Engine 
Piston  and  Rod 

Courtesy  of  C.  &  G.  Cooper  Company, 
Mount  Vernon,  Ohio 
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water  into  and  out  of  the  piston  if  the  piston  rod  had  to  be  uncooled. 
The  usual  manner  of  cooling  the  rod  and  at  the  same  time  getting 
the  water  into  the  piston  and  out  of  it,  is  shown  in  Fig.  170.  The  rod 
is  bored  from  both  ends,  leaving  a  partition  midway  of  its  length. 
The  rod  is  then  drilled,  top  and  bottom,  into  the  chambers  thus  formed; 
and  the  piston,  which  is  provided  with  pipes  in  the  jacket  space  to 
carry  the  inlet  water  to  the  bottom  of  the  piston  and  to  take  the  dis¬ 
charge  from  the  top— thus  insuring  the  cooling  of  the  bottom  of  the 
piston  and  that  the  piston  shall  always  remain  full  of  water— is 


Fig.  171.  Arrangement  of  Water  Circulation  for  Engine  Cylinder  Jackets 


forced  on  to  the  rod  and  up  against  a  shoulder.  •  In  this  way  the  water 
is  introduced  at  one  end  of  the  rod  and  discharged  from  the  other. 

Industrial  gases  and  blast-furnace,  producer,  or  coke-oven  gas 
often  contain  some  sulphur,  and  if  the  piston  rods  are  allowed  to  run 
too  cold  they  will  sweat  and  the  moisture  thus  formed  will  combine 
with  the  sulphur  in  the  gas  to  form  sulphuric  acid,  which  will  attack 
the  rod  and  other  parts  of  the  engine.  In  addition,  if  the  rod  sweats, 
it  is  impossible  to  properly  lubricate  it,  which  gives  rise  to  packing 
troubles;  and  the  fact  that  a  film  of  oil  is  not  protecting  the  rod  makes 
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it  more  liable  to  attack  from  the  sulphuric  acid.  To  overcome  these 
thus  warming  the  water  before  it  is  introduced  to  the  piston. 

£77 

I"  1  Building  Wall 

Mil  . 


Hi1 ! 

1 

■jj' 

1  II" 

|  "III! 

Plan  View 


Fig  172  Cooling  Towers  and  Circulating  System  for  Saving  Jacket  Water 
Courtesy  of  Otto  Gas  Engine  Works,  Philadelphia,  Pennsylvania 


Using  Cooling  Water  Over  Again.  When  the  engine  is  water- 
iacketed,  it  is  often  practicable,  with'  small  engines,  to  use  the  same 
cooling  water  over  and  over  again,  and  there  is  a  distinct  economy 
in  so  doing  when  the  water  must  be  paid  for.  The  usual  arrange- 
ment,  Fig.  171,  consists  of  a  vertical  galvanized-iron  water  tank  of 
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considerable  capacity,  connected  at  its  bottom  to  the  lower  part  of 
the  jacket,  and  near  its  top  to  the  upper  part  of  the  jacket.  The 
water  in  the  jacket,  being  heated,  rises  and  flows  to  the  upper  part 
of  the  tank,  where  it  cools  by  contact  with  the  air  and  with  the  sides 
of  the  tank.  Cold  water  from  the  bottom  of  the  tank  flows  to  the 
cy  linder  jacket  to  take  its  place.  A  continuous  circulation  is  main¬ 
tained  by  the  difference  of  density  between  the  cold  and  the  heated 
water.  In  large  engines,  when  a  large  amount  of  water  must  be 
circulated,  this  method  is  generally  too  .cumbrous;  and  the  water  is 
taken  from  some  constant  source  of  supply,  such  as  the  city  mains, 
although  if  the  location  of  the  plant  is  such  that  water  is  expensive, 
a  cooling  tower  or  pond,  in  either  of  which  the  water  is  sprayed  and 
cooled  by  contact  with  the  air,  can  be,  and  generally  is,  installed. 


A  small,  inexpensive  installation  of  this  type  is  shown  in  Fig.  172. 
The  piping  and  valves  are  always  so  arranged  that  it  is  possible  to 
draw  the  water  from  the  jacket. 

With  portable  engines,  such  as  are  used  for  agricultural  pur¬ 
poses,  it  is  generally  impracticable  to  arrange  for  a  water  circulation 
in  the  jacket.  In  such  cases  it  is  usual  to  have  a  large  water  chamber 
on  top  of  the  cylinder,  Fig.  173,  communicating  with  the  jacket  and 
open  on  top  to  the  atmosphere.  The  water  in  the  jacket  will  gradually 
boil  away,  but  may  be  replenished  occasionally  by  pouring  in  a  bucket¬ 
ful  of  water. 

REGULATING  FUEL  MIXTURE 

Air  Supply.  The  air  used  in  the  engine  may  be  taken  from  the 
engine  room  or  from  the  outside.  The-  inrush  of  air  to  the  air  pipe 
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makes  a  noise  which  is  often  objectionable  in  the  engine  room,  but 
which  can  be  greatly  reduced  if  the  air  is  taken  from  a  large  chamber , 
as  in  Fig.  28,  where  it  is  taken  from  the  base  of  the  engine. 

Gas  Supply.  If  the  gas  is  taken  from  the  city  mains,  the  intermit¬ 
tent  action  of  the  engine  in  admitting  gas  will  cause  considerable  fluc¬ 
tuation  of  pressure  in  the  supply  pipe,  which  is  undesirable,  because  it 
makes  variable  the  amount  of  gas  admitted,  and  also  causes  flickering 
of  any  lights  supplied  from  the  same  pipe.  To  reduce  this  fluctuation, 
it  is  usual  to  insert  in  the  gas  supply  pipe  a  rubber  bag  which  partly 
collapses  during  the  admission  stroke  and  fills  out  again  during  the 
other  strokes.  Any  enlargement  in  the  gas  supply  pipe  will  serve 
the  same  purpose,  but  the  flexible  rubber  bag  is  more  effective  than 
a  mere  enlargement. 

Methods  of  Mixing.  The  air  and  gas  should  be  mixed  as  thor¬ 
oughly  as  possible  on  their  way  to  the  cylinder.  This  is  satisfactorily 
accomplished  if  the  air  and  gas  have  to  pass  through  a  common 
admission  valve  after  they  are  mixed,  as  in  Figs.  49  to  67. 

Regulating  Strength  of  Mixture.  The  method  of  varying  the 
strength  of  the  mixture  depends  upon  whether  the  gas  is  rich  or  lean 
and  whether  it  is  supplied  to  the  engine  under  pressure,  or  not.  For 
instance,  if  illuminating  gas  is  used,  which  is  supplied  under  pressure, 
the  strength  of  the  mixture  is  adjusted  by  throttling  the  gas  supply, 
the  air  supply  being  left  uncontrolled.  On  the  other  hand,  if  the 
engine  is  run  on  producer  gas  made  in  a  suction  producer,  for  which 
the  engine  furnishes  the  suction,  the  air  supply  alone  is  throttled  to 
vary  the  strength  of  the  mixture,  since  by  closing  off  on  the  air  supply 
the  suction  on  the  producer  is  increased,  the  amount  of  gas  sucked 
into  the  engine  in  proportion  to  the  amount  of  air  is  increased,  and 
thereby  the  strength  of  the  mixture  is  increased.  These  are  the  two 
extreme  cases  and  for  any  intermediate  case  a  combination  of  both 
methods  of  control  is  adopted;  both  the  gas  and  the  air  supply  are 
throttled  in  the  correct  proportion  to  get  the  best  possible  mixture. 

EXHAUST 

Mufflers  or  Silencers.  If  allowed  to  escape  direct  from  an  exhaust 
pipe  of  uniform  cross-section,  the  exhaust  is  a  source  of  annoyance  by 
reason  of  the  loud  noise  which  it  makes. 

As  the  expanded  charge  is  generally  at  a  pressure  of  thirty  to 
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fifty  pounds  above  atmospheric  pressure  at  the  moment  of  the 
opening  of  the  exhaust,  the  exhaust  starts  with  very  great  velocity; 
and  if  permitted  to  go  directly  to  the  air,  it  makes  a  detonating  noise. 


Fig.  174. 


Fig.  175.  Water- Jacketing  Exhaust  Pipe  with  Slits  Opening  into  Muffler  for 
Reducing  Noise  of  Exhaust 


To  reduce  or  prevent  this  noise,  various  devices,  known  as  mufflers  or 
silencers,  are  in  use.  For  a  silent  exhaust,  the  gases  should  escape 
at  a  comparatively  slow  rate;  and  this  has  to  be  accomplished  by 
lowering  their  pressure. 


Slits  in  Exhaust  Pipe  and  Pipes  in  Muffler  for  Effecting  Silent  Exhaust 
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TABLE  XV 


Comparative  Heat  Losses,  in  Large  Gas  and  Diesel  Engines 


- - - - — 

Large  Gas  Engines 

B.t.u.  per  h.p. 

Diesel  Engines 

B.t.u.  per  h.p. 

Hourly  heat  con¬ 
sumption . 

Hourly  heat  lost  to 
the  jacket  water. 

Hourly  heat  lost  in 
the  exhaust  gases 

Total  hourly  heat 
wasted . 

11100—9150 

2800—2650 

4350—3300 

7150—5950 

7950—7350 

2000—1800 

2550—2200 

4550—4000 

The  simplest  device  is  to  have  the  exhaust  pipe  discharge  into 
an  exhaust  chamber  or  pot,  as  in  Fig.  171,  before  going  to  the  air,  the 
enlargement  of  volume  causes  a  corresponding  fall  in  pressure,  and 
the  final  escape  to  the  air  is  consequently  at  a  diminished  velocity. 
It  is  better,  in  larger  engines,  to  have  the  admission  of  the  gases  to 
the  silencer  through  slits  in  the  exhaust  pipe,  Figs.  174  and  175,  as 
this  prevents  too  sudden  an  expansion  into  the  exhaust  chamber. 
The  escape  of  the  gases  from  the  muffler  may  be  either  through 
numerous  holes  in  the  periphery  of  the  muffler;  or  through  short 
lengths  of  small-sized  pipe,  Fig.  1/4;  or  through  holes  in  sheet-metal 
cones  fixed  inside  the  muffler,  Fig.  176.  The  repetition  of  the  muf¬ 
fling  device,  forcing  the  gases  to  go  through  holes  in  concentric  drums; 
or  through  two  sets  of  pipes,  Fig.  174;  or  through  several  cones, 
Fig.  176;  insures  quieter  action  of  the  exhaust,  but  at  the  expense  of 
some  back  pressure  in  the  cylinder,  which,  in  bad  cases,  may  seriously 
decrease  the  effective  work  done  there.  In  Fig.  176  a  central  tube  is 
shown,  to  which  the  gases  have  free  access,  and  from  the  end  of  which 
they  escape  with  high  velocity;  this  gives  a  so-called  ejector  action 
to  the  muffler,  the  high,  velocity  of  the  gases  escaping  from  the  central 
tube  creating  a  partial  vacuum  in  the  nozzle  and  helping  to  suck  the 
gases  through  the  muffler. 

It  is  claimed  that  an  increase  of  power  can  be  obtained  with  a 
well-designed  muffler  using  this  principle.  In  large  engines  it  is 
customary  to  jacket  the  exhaust  pipe,  Fig.  175,  and  also  to  inject 
some  of  the  jacket  water  into  the  pipe.  This  has  the  effect  of  lowering 
the  pressure  of  the  exhaust  gases  by  cooling  them;  and  it  is  a  most 
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satisfactory  method,  since  it  brings  no  back  pressure  upon  the  engine. 
It  is  not,  however,  sufficient  by  itself  to  make  the  exhaust  noiseless. 

For  automobile  use,  the  muffler  is  usually  made  about  twelve 
times  the  volume  of  a  single  cylinder,  however  many  cylinders  there 
may  be. .  It  is  also  provided  in  some  cases  with  a  muffler  cut-out, 
permitting  direct  exhaust  to  the  atmosphere,  which  is  useful  in  case 
of  the  muffler  becoming  clogged,  and  also  for  ascertaining,  by  the 
noise  of  the  exhaust,  whether  the  engine  is  exploding  regularly.  To 
make  the  noise  nearly  imperceptible,  a  good  plan  in  stationary 
practice  is  to  have  the  pipe  discharge  near  the  bottom  of  a  pit  filled 
with  large  stones. 

Utilization  of  Waste  Heat.  The  major  portion  of  waste  heat  in 
an  internal-combustion  engine  is  lost  to  the  jacket  water  and  in  the 
exhaust  gases,  and  amounts  to  about  two-thirds  of  the  total  heat 
consumption.  In  the  case  of  large  installations  the  heat  is  distributed 
approximately  as  shown  in  Table  XV.  Where  warm  water  of  100  to 
150  F.  can  be  used  in  the  plant — for  heating  the  building,  for 
instance— the  jacket  water  can  be  used  directly. 

The  exhaust  gases  themselves  are  not  adapted  to  the  develop¬ 
ment  of  power  and,  therefore,  their  heat  must  be  absorbed  as  close 
to  the  engine  as  possible  by  a  better  heat  medium  such  as  the  hot 
jacket  water.  This  is  done  in  a  cast-  or  wrought-iron  heater.  In  the 
transmission  about  40  to  70  per  cent  of  the  exhaust  heat  is  absorbed, 
so  that  in  large  gas  engines  about  2000  B.t.u.  and  in  Diesel  engines 
about  1400  B.t.u.  per  horsepower  hour  of  the  engine  rating  is  recov¬ 
ered.  In  the  design  of  the  heater,  care  must  be  taken  that  the  back 
pressure  on  the  engine  is  not  increased  seriously;  the  cooling,  and 
consequent  contraction,  of  the  gases  tend  to  diminish  the  resistance. 
In  any  case  the  back  pressure  will  be  greater  than  with  a  free  exhaust. 

In  a  1350-horsepower  blast-furnace-gas  engine,  equipped  with 
an  exhaust  heater,  2405  pounds  of  jacket  water  per  hour  have  been 
evaporated  into  steam  at  100  pounds  gage  pressure,  representing  30 
per  cent  of  the  waste  heat  in  the  exhaust  gases  and  jacket  water 
available  in  the  form  of  steam,  or  20  per  cent  of  the  heat  delivered  to 
the  engine.  If  this  steam  were  used  in  a  turbine  about  20  per  cent 
of  it,  or  4  per  cent  of  the  heat  delivered  to  the  gas  engine,  would  be 
converted  into  work,  thus  increasing  the  thermal  effioiencv  of  the 
plant  4  per  cent. 
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TABLE  XVI 

Heat  Cost  of  Various=Priced  Fuels 


Fuel 

Representative  Prices 

B.T.U.  FOR 
One  Cent 

$0 . 10  per  lb. 

600 
2,000 
3,000 
a  nnn 

Acetylene,  irom  . . 

.40  per  gal. 

uenaiurea  aiuuiiui . 

1.00  per  1000  cu.  ft. 

.25  per  gal. 

o,uuu 
6,500 
o  nnn 

Air  gas,  iroiii  gdisuuuc . 

1.00  per  1000  cu.  ft. 

.  20  per  gal. 

i  o  c.nn 

.  15  per  gal. 

18,000 

20,000 

30,000 

30,000 

36,000 

46,000 

50,000 

54,000 

65,000 

80,000 

.50  per  1000  cu.  ft. 

.  10  per  bu.  (15  lb.) 

.05  per  gal. 

1 -i  rro  a  fmm  Qnt  rlTnPlIift  . 

7 . 00  per  ton 

rroaucer  gas,  irum  d>iiLiu<av/itc  . 

5 . 00  per  ton 

riOQUUUl  llLM.il  . . 

7 . 00  per  ton 

/tliiliii  . . 

DmrvdunAi*  rroo  from  cni  f,  POfil. .  . 

3 . 00  per  ton 

x  FOuUCer  gcto,  num  qvjlv  . . 

5 . 00  per  ton 

Mond  producer  gas,  from  soft  coal . 

3.00  per  ton 

3.00  per  ton 

COST  OF  FUEL 

Relative  Cost  of  Different  Fuels.  Cost  is  one  of  the  most  impor¬ 
tant  factors  determining  the  choice  of  fuel  in  any  engine.  In  Table 
XVI  is  given  the  number  of  B.t.u.  that  can  be  bought  for  one  cent 
with  fuels  at  the  stated  prices. 

The  relative  cost  of  power  developed  by  oil,  gas,  and  steam 
engines  depends  on  the  cost  of  the  oil  and  of  coal,  and  this  varies  with 
the  locality  and  the  kind  of  oil  or  coal.  In  refining  Pennsylvania  or 
Ohio  petroleum,  not  over  ten  per  cent  of  the  oil  can  be  collected  as 
gasoline,  so  that  this  oil,  which  is  the  easiest  to  use,  is  not  available  in 
as  large  quantity  as  the  heavier  oils,  and,  consequently,  has  a  con¬ 
siderably  higher  cost.  Kerosene  forms  twenty-five  to  fifty  per  cent 
of  the  crude  oil  and  is  consequently  cheaper.  Fuel  oil  and  crude  oil 
are  the  cheapest,  but  are  also  the  most  difficult  to  burn  satisfactorily. 

DESIGN  DATA 

The  figures  given  in  the  following  pages  represent  average 
American  practice  and,  in  most  instances,  European  practice  as  well. 

Usual  Compression  Pressures.  In  Table  XVII  are  given  the 
range  of  compression  pressures  and  the  average  practice  for  the 
most  common  fuels  as  used  in  the  various  types  of  engines. 
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TABLEi  XVII 


Usual  Compression  Pressures  for  Different  Fuels  and  Engines 


Fuel 

Type  of  Engine 

COMPR 

Above  At¬ 
mospheric 
Pressure 

ESSION 

Average 

Practice 

Lb.  per  sq. 
in. 

Lb.  per  sq. 
in.  (gage) 

Gasoline  in  carbu- 

reter . 

Automobile. .  . 

45 _  95 

65 

Gasoline . 

Stationary.  .  .  . 

no _ 105 

70 

Kerosene . 

Hot  bulb,  250 — 500  r.p.m . 

VJU  1UU 

30—  75 

60 

Kerosene . 

Vaporized  before  entering  cylin¬ 

der.  .  .  . 

ax.* _ S5 + 

65 

Alcohol . 

Vaporized  before  entering  cylin¬ 

TU  OU  1 

* 

der . 

120—210 

150 

Fuel  oil . 

Injected  into  hot  bulb  before 

compressio  n — Hornsby- 

Akroyd . 

45 

45 

Fuel  oil . 

Injected  after  compression, Fran- 

phetti-Otto  Cycle . 

255 

255 

Diesel  Cycle . 

510 

510 

Natural  gas  - 

35.92% — 0.0%  H2 

Medium  and  large  engines  . 

75 — 160 

120 

Coke-oven  gas . 

Large  engines  (in  Germany)  .  .  . 

105—135 

120 

Coal  gas . 

Mostly  small;  very  few  large 

engines. . 

75—120 

100 

Carbureted  water 

Mostly  small;  very  few  large 

engines.  .  . . 

75—105 

90 

Producer  gas 

18% — 5%  H2 

Both  large  and  small  engines.  .  . 

100—160 

130 

Blast-furnace  gas. . . . 

Largest  engines  built . 

120—190 

155 

*  With  hot  mixture  without  water  injection, 
t  With  water  injection. 


Compression  Spaces.  The  compression  space,  expressed  as  a 
percentage  of  the  piston  displacement,  for  four-cycle  engines  (assum¬ 
ing  the  absolute  suction  pressure  as  12.8  pounds  per  square  inch)  is, 
on  the  average,  as  in  Table  XVIII. 

TABLE  XVIII 


Per  Cent  of  Clearance  for  Various  Types  of  Engines 


Types  of  Engines 

Compression 
Pressure  Above 
Atmospheric 

Lb.  per  sq.  in. 

Clearance 

Per  Cent 

Gasoline  engines,  etc . 

42.5 

about  40 

Illuminating-gas  engines . 

85 

about  25 

Producer-gas  engines . 

130 

about  15 

Blast-furnace-gas  engines . 

155. 

about  12 

Diesel  oil  engines . 

500 

7-8 
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TABLE  XIX 

Average  Mean  Effective  Pressures  Obtained  with  the  Various  Fuels 


Fuel 

Mean  Effective 
Pressure 

Lb.  per  sq.  in. 

Relative 
Capacity 
Referred  to 
Illuminating 
Gas  Engine 
as  Unity 

Natural  gas . -  •  • 

85.0 

1.10 

Illuminating  gas . i . .  * 

77.5 

1.00 

Coke-oven  gas . 

77.5 

1.00 

Producer  gas . 

62.5 

0.81 

Blast-furnace  gas . 

57.5 

0.74 

Gasoline. . 

75.0 

0.97 

Kerosene . 

55.0 

0.71 

Alcohol . 

55.0 

0  71  * 

Crude  oil  (Diesel) . 

100.0 

1  29 

Mean  Effective  Pressures.  Table  XIX  gives  the  mean  effective 
pressures  obtained  with  various  fuels,  and  also  the  relative  capacity  of 
the  different  types  of  engines,  referred  to  an  illuminating-gas  engine  as 
the  standard. 

Diagram  Factors.  The  real  value  of  the  maximum  explosion 
pressure  or  temperature  may  be  found  approximately  by  multiplying 
the  maximum  pressure  or  temperature,  obtained  from  the  ideal  dia¬ 
gram — adiabatic  compression  and  expansion — by  a  reduction  factor 
which  takes  into  account  the  decrease  of  temperature  or  pressure  due 
to  heat  losses,  cooling,  etc.  The  value  of  this  factor  is  not  far  from 
that  of  the  card  factor,  or  ratio  between  the  real  and  ideal  efficiencies. 
Table  XX  gives  the  values  of  these  factors  as  found  from  practice 
for  the  various  fuels. 

Diesel  engines  operating  at  rated  load  with  fuel  injection  for 
about  10  per  cent  of  the  stroke  have  a  diagram  factor  of  from  50 
to  70  per  cent.  The  diagram  factors  of  two-cycle  engines  may  be 
taken  as  0.8  of  those  for  four-cycle  engines  operating  on  the  same  fuel. 

Actual  Exponents  of  Compression  and  Expansion  Curves. 
Exponent  of  the  Compression  Line,  from  Practice.  The  value  of  the 
polytropic  exponent  n  is  not  a  constant  for  the  entire  compression 
line,  owing  to  the  varying  heat  interchanges  between  the  gases  and 
the  walls  during  the  compression.  The  mean  value  varies  from  1.30 
to  1.38  for  ordinary  types  of  engines,  with  an  average  value  through¬ 
out  the  compression  of  about  1.35.  Imperfect  cooling  or  high  wall 
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Diagram  Factors  for  Explosion  Engines 


Fuel 

Compression 

Lb.  per  Sq.  In. 

Diagram  Factor 
Per  Cent 

Natural  gas . 

90—140 

80 

100—135 
100—160 
130—180 
80—105 
45—  75 
may  run  as  low 
75—210 

40—52 

45 

45 

40—56 
30—48 
40—65 
30—40 
as  20 

72—74 

Illuminating  gas . . . 

Coke-oven  gas . 

Producer  gas . 

Blast-furnace  gas .... 

Gasoline . 

Kerosene  vaporized  before  suction . 

Kerosene  injected .... 

Alcohol . 

temperatures  may  raise  the  value  of  n  above  the  adiabatic  value 
1 .405,  while  loss  of  charge,  because  of  leaky  piston-packing  or  valves, 
will  give  apparent  values  of  n  that  are  too  small. 

Exponent  of  the  Expansion  Line,  from  Practice.  The  polytropic 
exponent  n  of  the  expansion  line  varies  throughout  the  expansion. 
At  the  beginning  of  expansion,  when  the  cooling  surface  of  the  cylin¬ 
der  is  small  and  losses  to  the  jacket  are  more  or  less  balanced  by 
continued  burning  of  the  charge,  the  value  of  the  exponent,  in  most 
cases,  approaches  the  adiabatic  value.  In  some  cases  the  heat  from 
continued  burning  may  overbalance  the  entire  heat  loss,  in  which 
event  the  value  of  n  approaches  unity.  The  greater  the  amount  of 
cooling  surface  uncovered  by  the  piston,  the  greater  are  the  heat 
losses  and  the  greater  the  corresponding  values  of  n;  but,  near  the 
outer  end  of  the  stroke,  the  rise  in  the  value  of  n  is  less  rapid,  because 
of  the  rapid  fall  in  temperature  of  the  gas  and  the  consequent  smaller 
loss  of  heat  to  the  jacket.  Frequently,  the  value  of  n  varies  irregu¬ 
larly,  alternately  increasing  and  decreasing,  obeying  no  definite  law. 
An  increase  of  piston  speed,  by  reducing  the  time  for  heat  losses  and 
consequently  the  amount  of  the  losses,  decreases  the  mean  value  of 
n  for  the  entire  stroke.  From  the  above,  it  is  apparent  that  an  accu¬ 
rate  average  is  very  difficult.  The  mean  value  of  n  varies  generally 
between  1.30  and  1.50,  although  sometimes  an  indicator  card  shows 
as  high  a  value  as  n  equals  1.70.  A  loss  of  the  charge  through 
leaks  at  various  points  increases  appreciably  the  apparent  value 
of  the  exponent,  while  a  sticky  indicator  gives  an  apparent  error 
in  the  opposite  direction. 
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TABLE  XXI 


Allowable  Piston  Speeds  for  the  Various  Sizes  and  Types  of  Engines 


Engine 

Allowable  Piston  Speed  (S) 

Horsepower 

Type 

Limits 

Average  Practice 

Above  1000 

Stationary 

700—  1000 

850 

1000 

Stationary 

700—  1000 

800 

700 

Stationary 

700—  900 

750 

500 

Stationary 

650—  850 

700 

150 

Stationary 

600—  800 

650 

50 

Stationary 

500—  700 

600 

Small 

Stationary 

450—  700 

550 

Automobile 

600—  1400 

750 

Allowable  Piston  Speed.  The  allowable  limits  of  piston  speed 
and  average  practice  for  different  types  of  engine  of  sizes  varying 
from  small  to  over  1000  horsepower,  are  given  in  Table  XXI. 

Allowable  Gas  Velocity.  The  allowable  mean  gas  velocity 
through  the  valves  is  given  by  Guldner  as  4500  feet  per  minute. 
It  is  sometimes  impossible,  however,  to  realize  mean  velocities  as 
low  as  4500;  in  fact,  in  large  engines  the  velocity  is  as  high  as  6000  to 
8500  feet  per  minute.  With  a  mean  velocity  through  the  valves  of 
4500  feet  per  minute  the  maximum  velocity  is  approximately  7200 
feet  per  minute. 

It  is  good  practice  to  make  the  diameter  of  the  exhaust-valve 
seat  larger  than  that  of  the  inlet  valve  in  order  to  get  as  much  as 
possible  of  the  products  of  combustion  out  of  the  cylinder  before  dead 
center  is  reached — the  greater  diameter  giving  a  larger  area  with  the 
small  lift  that  the  valve  has  before  dead  center.  The  exhaust  pipe, 
from  the  cylinder  to  the  muffler,  should  have  a  cross-sectional  area 
of  from  1.1  to  1.3  times  the  area  of  the  free  cross-section  of  the 
exhaust  valve.  . 

The  allowable  velocity  in  the  air-  ancf  gas-inlet  pipes  and  pas¬ 
sages  may  be  taken  as  from  1800  to  3600  feet  per  minute,  depending 
upon  the  length  of  the  line— the  higher  figure  holding  for  lines  up  to 
35  feet  in  length. 

Volumetric  Efficiency.  An  ideal  engine  would  take  into 
the  cylinder,  during  each  admission  period,  a  charge  equal  in 
volume  to  the  piston  displacement  and  which  would  be  at  the 
atmospheric  pressure  and  temperature.  The  ratio  of  the  actual 
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TABLE  XXII 


Influence  of  the  Height  Above  Sea  Level  on  the  Volumetric  Efficiency 


Height  above  Sea  Level— 
Ft . 

0 

500 

1000 

1500 

2000 

2500 

3000 

3500 

4000 

4500 

5000 

5500 

6000 

8000 

10000 

Atmospheric  Pressure 

Ave.  Barometer  Reading 

(b)  in.  of  Hg . . 

Pounds  per  square  inch  . 

29.92 

14.70 

29.41 

14.35 

28.85 

14.17 

28.33 

13.91 

27.82 

13.67 

27.31 

13.41 

26.82 

lM.ls 

26.35 

12.93 

25.85 

12.71 

25.37 

12.46 

24.92 

12.2:5 

24.46 

12.03 

24.00 

11.78 

22.17 

10.88 

20.34 

9.98 

Relative  Suction  Efficiency 
(b:  29.92) . 

1.000 

0.984 

0.965 

0.948 

0.931 

0.914 

0.892 

0.882 

0.865 

0.848 

0.833 

0.818 

0.803 

0.742 

0.681 

Loss  of  Suction  Efficiency 
due  to  height — in  per  cent 

0.0 

1.6 

3.5 

5.2 

6.9 

8.6 

10.8 

11.8 

13.5 

15.2 

16.7 

18.2 

19.7 

25.8 

31.9 

weight  of  charge  admitted  to  the  weight  of  the  ideal  charge  is  called 
the  volumetric  efficiency.  In  order  to  obtain  as  large  an  amount  of 
work  per  stroke  as  possible,  and  thus  as  favorable  a  use  of  the  cylinder 
volume  as  is  attainable,  the  volumetric  efficiency  must  be  made  as 
large  as  possible  by  diminishing  the  suction  and  exhaust  resistances 
and  the  suction  temperature — in  other  words,  there  must  be  as  nearly 
complete  cylinder  filling  as  can  be  obtained.  Since  the  absolute 
pressure  of  the  suction  stroke  equals  the  barometric  pressure  minus 
the  suction  of  the  charging  stroke,  the  barometric  pressure  also 
exerts  considerable  influence  on  the  volumetric  suction  efficiency — 
and  through  that  on  the  mean  effective  pressure  and  the  indicated  and 
brake  horsepowers. 

Influence  of  'Altitude  on  Volumetric  Efficiency.  The  decrease  in 
volumetric  efficiency  must  be  especially  reckoned  with  in  the  case  of 
plants  located  at  a  very  high  altitude,  in  consequence  of  the  dimin¬ 
ished  barometric  pressure.  Because  of  the  altitude  the  density  of 
the  charge,  the  volumetric  efficiency  of  the  suction  stroke,  and  finally, 
the  power  of  the  engine,  is  decreased. 

Table  XXII  shows  the  effect  of  the  diminished  barometric 
pressure,  due  to  an  increase  in  altitude,  upon  the  volumetric  suction 
efficiency. 

Values  of  Absolute  Exhaust  Pressure  and  Temperature.  The 

common  actual  values  of  the  absolute  exhaust  pressure  pr  &nd  tem¬ 
perature  ( Tr,  absolute,  and  tr  degrees  F .)  are  as  follows. 

pr=15.4  to  16.4  lb.  per  sq.  in.,  absolute 
Tr— 1260°  to  1440°  F.,  absolute 
fr  =  800°  to  980°  F. 
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Too  early  closing  of  the  exhaust  valve,  and  very  long  or  too 
small  exhaust  pipes,  may  increase  these  values  considerably. 

Common  Values  of  Absolute  Suction  Pressure  ps,  and  Volu= 
metric  Efficiency  E For  Slow-Speed  Engines  with  Mechanically 
Operated  Inlet  V alves, 

ps=  12.5  to  13.5  lb.  per  sq.  in.,  absolute 
=  4.5  to  2.5  inches  of  mercury  suction 
Es  =  0.87  to  0.90 

For  High-Speed  Engines  with  Mechanically  Operated  Inlet  Valves , 

ps  =  1 1 .4  to  12.1  lb.  per  sq.  in.,  absolute 
=  6.8  to  5.3  inches  of  mercury  suction 
Es  =  0.78  to  0.83 

For  Slow-Speed  Engines  with  Automatic  Inlet  Valves , 

ps  =  12.1  to  12.8  lb.  per  sq.  in.,  absolute 
=  5.3  to  3.9  inches  of  mercury  suction 
Es  =  0.80  to  0.85 

For  High-Speed  Engines  with  Automatic  Inlet  Valves, 

ps=llA  to  11.8  lb.  per  sq.  in.,  absolute 
=  7.4  to  6.0  inches  of  mercury  suction 
£s  =  0.65  to  0.75 

For  Very  High-Speed  Auto  Engines  with  Automatic  Inlet  Valves 
and  Air  Cooling, 

ps  =  8.5  to  10.7  lb.  per  sq.  in.,  absolute 
=  12.7  to  8.2  inches  of  mercury  suction 
Es=  0.50  to  0.65 

Suction  producers  and  carbureters  increase  the  suction  resistance 
— in  unfavorable  cases  they  may  decrease  the  above  values  of  Es  by 
from  2  to  5  per  cent. 

The  temperature  Ts  of  the  suction  stroke  equals  630°  to  810° 
absolute;  t8  equals  170°  to  350°  F. 

Volume  of  Material  for  Foundations.  The  average  volume  of 
material  in  foundations  for  the  various  types  of  engines  may  be 
taken  as  follows: 
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For  horizontal  engines  without  outboard  bearings 

14-18  times  the  normal  brake  horsepower,  in  cubic  feet 


For  horizontal  engines  with  outboard  bearings 

21-25  times  the  normal  brake  horsepower,  in  cubic  feet 


For  vertical  engines  without  outboard  bearings 

7. 7-8.8  times  the  normal  brake  horsepower,  in  cubic  feet 


For  vertical  engines  with  outboard  bearings 

9.8-10.5  times  the  normal  brake  horsepower,  in  cubic  feet 

Mechanical  Efficiencies  of  Engines.  In  Table  XXIII  are  given 
the  average  mechanical  efficiencies  found  in  practice  for  the  various 
types  of  gas  engines. 

Relative  Weights  of  Flywheels.  The  relative  weights  of  fly¬ 
wheels  required  to  give  the  same  degree  of  regularity  in  speed  of 
rotation  with  the  same  peripheral  speed  of  the  flywheel  for  different 
numbers  and  arrangements  of  cylinders  and  different  fuels,  are  given 
in  Tables  XXIV  and  XXV. 

Weights  of  Reciprocating  Parts.  Table  XXVI  gives  the 
proper  weights  of  the  reciprocating  parts  per  square  inch  of  piston 
surface  for  explosion  engines  and  constant-pressure  engines  of 
various  types. 


TABLE  XXIII 

Average  Mechanical  Efficiencies  of  the  Various  Types  of  Engines 


Type  of  Engine 

Mechanical 

Efficiency 

4-Cycle 

2-Cycle 

Small,  high-speed  auto,  multicylinder,  single-acting . 

0.75 

Small,  single-cylinder  boat  engine,  single-acting . 

0.85 

0.68 

Small  or  medium,  single-cylinder  stationary,  single-acting 

0.87 

0.7 

Small  or  medium,  two-cylinder  stationary,  single-acting  .  . 

0.84 

Small  or  medium,  three-cylinder  stationary,  single-acting 

0.82 

Small  or  medium,  four-cylinder  stationary,  single-acting  .  . 

0.80 

Large,  single-cylinder  stationary,  single-acting . 

0.90 

0.70 

Large,  two-cylinder  stationary,  single-acting . 

0.86 

to 

Large,  four-cylinder  stationary,  single-acting . 

0.84 

0.80 

Double-acting  single-cylinder . 

0.83 

0.75 

Double-acting  tandem,  two-cylinder . 

0.81 

0.73 

Double-acting  twin  tandem,  four-cylinder . 

0.77 

0.69 
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TABLE  XXIV 

Comparison  of  Vertical  Single-Acting  4=Cycle  Engines  Operating 

on  Various  Fuels 


(Relative  flywheel  weights  obtained  from  turning-moment  diagram  derived  from 
actual  indicator  cards)  (Guldner) 


u 

a 
-  i 

U 

u 

o 

s 

3 

Crank  Angle 
Degrees 

Crank  Travel  Between 
Explosions,  Degrees 

Explosion  E> 

ATIN( 

Lean  Gas 
(Producer, 
Blast-Furnace 
Gas,  etc.) 
for  Equal 

JGINES  OPER- 
3  ON 

Rich  Gas 
(Illuminating, 
Coke-Oven 
Gas,  Gasoline, 
etc.) 

for  Equal 

Constant 

Pressure 

Oil  Engines 
for  Equal 

Cylinder 

Dimensions 

Maximum 

Indicated 

Horsepower 

Cylinder 

Dimensions 

Maximum 

Indicated 

Horsepower 

Cylinder 

Dimensions 

Maximum 

Indicated 

Horsepower 

I 

1 

V 

i 

i  / 

? 

720 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

II 

2 

360 

0.86 

0.43 

0.85 

0.425 

0.89 

0.445 

V  i 

/t 

/ 

30 

TV 

640 

III 

o 

Ar 

1.44 

0.72 

1.20 

0.60 

1.17 

0.585 

Li 

Oo 

180 

/so 

r\ 

IV 

3 

240 

0.72 

0.24 

0.65 

0.22 

0.75 

0.25 

1  7 

/i 

30 

/'A 

V 

4 

180 

0 . 304 

0.076 

0.26.5 

0 . 066 

0.25 

0.06 
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TABLE  XXV 

Comparison  of  Horizontal  4=Cycle  Engines  Operating  on  Lean  Gases 

(Relative  flywheel  weights  obtained  from  turning-moment  diagram  derived  from 
actual  indicator  cards)  (Giildner) 
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TABLE  XXVI 

Weight  of  Reciprocating  Parts  for  Various  Types  of  Engines 


Kind  of  Engine 

Weight  of  Reciprocating 
Parts  per  Sq.  In.  of  Piston 
Surface 

Explosion 

Engines 

Lb. 

Constant- 

Pressure 

Engines 

Lb.  ' 

Single-acting  Engines: 

Trunk  piston,  short  stroke  (£<1.5d) . 

Trunk  piston,  long  stroke  (Z2^  1 . 5d) . 

With  crosshead  (1  =  1 . 5d  to  1 . 33d) . 

Two-cylinder  tandem . 

5.5—  8.5 

8.5— 10.5 

12.5— 17.0 

17.5— 21.5 
0.35—0.60 

7.0—10.0 

10.0—11.5 

14.0—18.5 

19.0—23.0 

Double-acting  Engines: 

Single-cylinder,  without  tail  rod . 

Single-cylinder,  with  tail  rod . 

Two-cylinder  tandem . . 

Three  -  cylinder  tandem  (one  of  which  is  a 

14.0—18.0 

17.0—20.0 

21.0—25.5 

28.5 

18.5—21.5 

23.0—27.0 

Notes: — i  is  length  of  stroke  of  the  engine  \  both  in  the  same  unjts, 
d  is  diameter  of  the  cylinder  i 

(Z<1.5d)  is  read,  stroke  less  than  1.5  times  the  diameter. 

(l>  1 . 5d)  is  read,  stroke  greater  than  or  equal  to  1 . 5  times  the  diam¬ 
eter. 

Thickness  of  Cylinder  Walls.  Table  XXVII  gives  for  cylinders 
of  various  diameters  D  the  required  thickness  of  cylinder  walls  t  to 
resist  the  maximum  explosion  pressure,  the  reboring  allowance  x , 
and  the  total  required  thickness  i+x.  The  required  thickness  to 
resist  the  maximum  explosion  pressure  is  based  on  a  maximum 
explosion  pressure  of  350  pounds  per  square  inch  and  an  allowable 
tensile  stress  of  3500  pounds  per  square  inch — which  is  high,  but 
allowable  since  the  maximum  pressure  acts  only  at  the  inner  end  of 
the  cylinder  barrel,  which,  in  single-acting  engines,  is  reinforced  by  a 
flange,  and,  in  double-acting  engines,  by  the  flange  connecting  the 
cylinder  barrel  and  jacket  wall,  and  by  the  valve  ports.  Where  a 
cylinder  liner  is  not  used  a  reboring  allowance  x  should  be  added  to 
this  thickness.  Where  a  liner  is  used,  the  reboring  allowance  x  gives 
its  necessary  thickness. 

Attendance.  In  spite  of  the  belief  that  gas-power  plants  can  be 
operated  by  cheaper  men  than  steam  plants,  quite  the  reverse  is  true 
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TABLE  XXVII 

Required  Thickness  of  Cylinder  Walls  to  Resist  Maximum  Explosion 
Pressure  for  Cylinders  of  Different  Diameters 


*To  allow  for  the  possible  shifting  of  cores,  etc.,  it  is  necessary  that,  for  stationary  engines 
the  thickness  for  one-piece  cylinders  up  to  about  8  inches  in  diameter  should  be  at  least  *5  in  * 
and  for  separate  cylinder  barrels  at  least  &  in.  .  '* 


if  they  are  to  be  operated  at  a  maximum  of  economy  and  with  a 
minimum  of  trouble. 

Giildner  gives  the  following  equations  (based  on  practical 
experience)  for  the  amount  of  attendance  necessary  in  internal- 
combustion  engine  plants : 

For  illuminating,  natural,  coke-oven,  and  blast-furnace  gas-  and 
for  oil-engine  plants: 

JF  =  0.25  V?iXb.h.p.  hours 

For  producer-gas  plants: 

IF  =1.25  VnXb.h.p.  hours 

in  which  W  is  the  time  of  attendance  required  in  hours  per  day  of 
ten  hours,  b.h.p.  is  the  rated  total  capacity  of  the  plant,  and  n  is  the 
number  of  units  in  the  plant. 

PERFORMANCE  DATA 

Fuel  Consumption.  Rated  Load.  The  consumption  of  fuel  in  a 
gas  engine  running  at  its  rated  load,  when  natural  gas  is  used,  is 
from  10  to  15  cubic  feet  per  b.h.p.  per  hour;  with  illuminating  gas, 
14  to  18  cubic  feet  per  b.h.p.  per  hour;  with  producer  gas,  75  to  110 
cubic  feet  per  b.h.p.  per  hour;  with  blast-furnace  gas,  100  to  135 
cubic  feet  per  b.h.p.  per  hour — depending  upon  the  size  of  the  engine. 
These  are  average  limiting  results,  large  engines  showing  a  higher 
economy  than  smaller  engines. 

The  consumption  of  gasoline  in  an  engine  of  small  size  averages 
about  0. 1  gallon  per  b.h.p.  per  hour.  In  the  Diesel  motor,  the  average 
consumption  of  crude  oil  per  b.h.p.  per  hour  is  considerably  less  than 
0.1  gallon,  the  average  being  about  0.06  gallon. 
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TABLE  XXVIII 


Relative  " 


r—  " - - - — 

Full 

Load 

|  L.OAD 

£  Load 

1  Load 

ATnlnrol-fraa  PPCIT1P . 

1.00 

1.05—1.20 

1.20—1.50 

1.75—2.00 

1.75—2.00 

2.30—2.70 

IN  B; L Uicll  gdo  . . 

1.00 

1.05—1.20 

1 . 20 — 1 . 50 

. 

1.00 

1.15—1.25 

1.45—1.60 

r  r0QUC6r-gcto  pidiio . 

(Engine  and  producer) 

n  q  o«n  vnn  1 1  PPf  . 

1.00 

1.04—1.06 

1.10—1.15 

1.30—1.40 

1.75—2.00 

1.90—2.30 

1.40—1.90 

ud-b  piuuutci . 

T>1  o at  f 1 1 T*T1  Cl S  PTlfflllG  .  ....  •  ■ 

1.00 

1.05—1.20 

1 . 20 — 1 . 50 

niasL-i  uriiaLu-gcto 

T  ATir  nrncciirp  Oil  PflfflTlP . 

1.00 

1.15—1.35 

1.45—1.70 

JLiOW“pi  oooul  t;  lfii  . 

oil  . . 

1.00 

1.02—1.15 

1.07—1.25 

yJ li  . 

Less  Than  Normal  Load.  The  fuel  consumption  per  horsepower 
hour  increases  perceptibly  with  a  decrease  of  load  below  the  normal, 
as  is  shown  in  Table  XXVIII. 

No-Load  Consumption.  In  explosion  engines  the  total  no-load 
consumption  goes  as  high  as  30  to  45  per  cent  of  the  total  consump¬ 
tion  at  normal  load— in  constant-pressure  combustion  engines  this 
figure  is  only  20  to  25  per  cent.  In  producer-gas  plants  the  coal 
consumption  increases  faster  at  partial  loads  because  of  the  loss  of 
efficiency  of  the  producer  as  well  as  of  the  heat  consumption  of  the 
engine  itself. 

Fuel=Consumption  Tests  for  Commercial  Engines.  Table 

XXIX  gives  a  number  of  commercial  test  results  for  various  engines, 
showing  fuel  consumption  and  mechanical  efficiency. 

Heat  Losses  at  Various  Speeds  and  Compressions.  From 
Table  XXX  it  is  seen  that  the  efficiency  of  an  internal-combustion 


TABLE  XXX 

Heat  Losses  at  Various  Speeds  and  with  Various  Compression  Ratios 
(Meyer’s  Tests) 


Volu¬ 

metric! 

Compres¬ 

sion 

Ratio 

R.P.M. 

Mean 
Effective 
Pressure 
Lb.  per 
Sq.  In. 

Ratio 
Gas  to 
Air 

Heat 

Value 

of 

Charge 

B.t.u. 

Work 

Done 

by 

1  B.t.u. 
Ft.-Lb. 

Exhaust 

Tern- 

perature 

°F. 

Heat  Distribution 

Per  Cent 

Work 

Jacket 

Exhaust 

2.67 

187 

54.3 

7.11 

18.5- 

140 

1022 

18.0 

51.2 

30.8 

2.67 

247 

51.5 

7.35 

17.4 

141 

1137 

18.1 

45.6 

36 . 3 

4  32 

187 

69.3 

7.43 

17.0 

190 

867 

24.4 

53.8 

21.8 

4.32 

247 

65 . 2 

7.40 

16.8 

184 

992 

23.7 

49.5 

26 . 8 
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engine  increases  with  an  increase  in  the  compression.  It  is  further 
seen  that  an  increase  in  the  speed  of  rotation  has  no  effect  upon  the 
total  amount  of  heat  lost  to  the  jacket  and  in  the  exhaust,  but  only 
transfers  part  of  the  jacket  loss  to  the  exhaust;  this  being  due  to 
the  fact  that  there  is  less  time  for  the  absorption  of  heat  by  the 
jacket. 

An  increase  in  the  ratio  of  compression  from  2.67  to  4.32  increases 
the  heat  loss  to  the  jacket  about  three  per  cent,  due  to  the  higher 
temperatures  obtaining  in  the  cylinder  resulting  from  the  increased 
compression  pressure  with  its  corresponding  increased  explosion 
pressure,  and  decreases  the  heat  loss  to  the  exhaust  about  nine  per 
cent,  the  net  change  in  the  two  losses  being  the  increase  in  the  effi¬ 
ciency  of  the  cycle. 

Heat  Balances  of  Four=CycIe  Engines.  Table  XXXI  shows 
the  heat  balances  for  4-cycle  gas  and  oil  engines  of  various  types 
with  different  fuels. 

GAS=ENGINE  OPERATION 

General  Classification  of  Troubles.  For  the  successful  opera¬ 
tion  of  a  gas  engine,  intelligent  care  and  accurate  adjustment  are 
necessary,  as  well  as  an  understanding  of  the  processes  going  on  in 
the  cylinder.  It  sometimes  happens  that  the  engine  fails  to  start, 
although  the  ordinary  starting  operations  have  been  carried  out 
faithfully.  The  most  common  causes  of  this  difficulty  are  incorrect 
strength  of  mixture,  failure  of  ignition,  or  leakage  of  the  charge. 
The  setting  of  the  gas  valve  which  gives  a  satisfactory  mixture  one 
day,  may  give  a  non-explosive  mixture  on  the  following  day  as  a 
result  of  changes  in  the  pressure  or  composition  of  the  gas  or  other 
cause.  The  strength  of  the  mixture  should  be  varied  in  case  of  failure 
to  start.  If  this  is  ineffective,  the  ignition  should  be  tried.  The 
batteries  may  have  run  down  as  a  result  of  much  use  or  of  short- 
circuiting,  and  should  be  tested  by  short-circuiting  momentarily, 
when  they  should  give  a  bright  spark.  Too  strong  a  current  is 
undesirable,  as  it  burns  the  contact  points  rapidly.  It  is  well  to 
have  on  hand  a  spare  set  of  cells  for  putting  in  circuit.  There  should 
always  be  a  switch  in  the  battery  circuit,  which  should  be  thrown 
out  when  the  engine  is  shut  down,  so  as  to  prevent  short-circuiting. 
If  the  battery  is  in  good  condition,  the  trouble  may  be  with  the 
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GAS  AND  OIL  ENGINES 

electrodes,  through  their  having  become  fouled  or  wet;  or,  in  the 
make-and-break  system,  through  a  gumming  of  the  spindle  of  the 
moving  electrode,  which  makes  it  sticky  and  slow  in  action.  The 
igniter  plug  should  be  withdrawn,  and  the  electrodes  examined. 
The  whole  igniter  circuit  should  be  examined  for  short  circuits. 

If  the  trouble  is  not  with  the  igniter,  it  may  be  caused  by  leakage 
of  the  charge.  To  test  this,  the  engine,  if  not  too  large,  is  pulled 
over  by  hand.  The  resistance  to  turning,  on  the  compression  stroke, 
should  be  very  considerable.  If  the  resistance  is  not  great  enough, 
the  compressed  charge  is  escaping.  The  leakage  may  be  either 
past  the  piston,  the  igniter  plug,  or  the  valves.  If  the  leakage  is 
past  the  piston,  it  is  due  either  to  the  wearing  of  the  cylinder  or  to 
the  sticking  of  the  piston  rings.  The  latter  is  likely  to  occur  after 
a  while,  especially  if  the  cylinder  has  been  permitted  to  get  very  hot; 
it  can  be  remedied  by  taking  the  piston  out  and  loosening  and 
cleaning  the  rings  with  kerosene.  A  leakage  past  the  valves  is  due 
either  to  gumming  of  the  valves  or  to  other  deposit  which  keeps  the 
valve  off  its  seat,  to  wearing  of  the  valve,  or  to  sticking  of  the  valve- 
stem  in  its  guide  as  a  result  of  imperfect  lubrication.  The  gumming 
and  wear  of  the  exhaust  valve  are  the  most  common  causes  of  leak¬ 
age,  and  may  be  remedied  by  grinding  the  valve  on  its  seat  with 
flour  of  emery  and  oil. 

The  presence  of  water  in  the  cylinder ,  which  has  leaked  in  from 
the  jacket  through  imperfect  joints,  sometimes  causes  the  electrodes 
to  become  wet,  and  prevents  the  engine  starting.  In  some  engines 
the  possibility  of  this  particular  trouble  is  avoided  by  a  special 
design  of  the  jacket  in  which  there  are  no  joints  communicating  with 
the  inside  of  the  cylinder. 

Method  of  Locating  Seat  of  Trouble  by  Use  of  Schedule.  As 

the  number  of  things  which  may  occur  in  a  gas  engine  to  prevent 
its  proper  action  is  considerable,  it  is  best  to  proceed  systematically 
in  hunting  for  the  trouble  when  it  arises.  The  most  advantageous 
procedure  to  follow  in  any  case,  depends  on  the  type  of  engine. 
An  example  is  given  in  the  schedule  (Table  XXXII  and  following)  for 
a  gasoline  engine  with.  jump-spark  ignition,  such  as  an  ordinary 
automobile  engine.  If  the  motor  refuses  to  operate,  the  first  thing 
to  do  is  to  look  to  the  gasoline  supply.  If  that  is  all  right,  look 
to  the  ignition.  By  unscrewing  the  spark  plugs,  laying  them  on 
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the  cylinders,  and  cranking  the  engine,  it  can  be  seen  if  the  spark¬ 
ing  is  satisfactory.  If  it  is  satisfactory,  try  the  compression.  If 
that  also  is  satisfactory,  examine  the  carbureter;  then  see  that  the 
exhaust  or  inlet  valves  are  operating  properly.  The  method  of 
following  up  the  trouble,  eliminating  from  consideration  those  things 
that  are  all  right,  is  given  in  detail  in  the  schedule.  The  right-hand 
column  gives  the  actual  causes  of  the  observed  troubles. 

If  make-and-break  ignition  is  used,  the  procedure  in  investi¬ 
gating  a  failure  of  the  ignition  will  naturally  be  different;  it  will  also 
be  much  simpler. 

It  happens  not  infrequently  that  a  gas  engine  will  make  a  few 
revolutions,  and  will  then  stop.  Some  of  the  causes  for  this  are  also 
indicated  in  the  schedule. 

Investigating  Quality  of  Mixture.  If  the  motor  runs  fairly  well 
and  if  the  compression  is  all  right,  the  spark  plugs  clean  and  properly 
set,  magneto  or  batteries  in  good  order,  gasoline  supply  clean  and 
other  conditions  satisfactory,  the  quality  of  the  mixture  can  be 
determined  in  the  following  way  with  an  automobile  engine: 

(1)  Motor  speeds  up  when  air  valve  is  pushed  open 
slightly — turn  low-speed  nut  down 

(2)  Regular  missing  after  pulling  slowly  on  level,  motor 
does  not  pick-up  immediately  if  clutch  is  dis¬ 
engaged  while  running — mixture  very  rich  in  this 
case 

(3)  After  ascending  long  hill  motor  does  not  pick-up 
if  clutch  is  disengaged 

(4)  Motor  will  not  pop  back  in  carbureter  on  suddenly 
opening  throttle 

(5)  Motor  picks-up  well  on  opening  throttle  in  just 
starting  out 

(1)  Motor  hard  to  start 

(2)  Motor  speeds  up  on  closing  auxiliary  air  valve — 

turn  lower  or  low-speed  adjusting  nut,  up  a  few 
notches  #  .  . 

(3)  Upon  opening  throttle,  car  hesitates  before  pickmg- 
up  speed 

(4)  Tendency  to  pop  back  in  carbureter  when  throttle 
is  opened  suddenly 

Warm  weather  has  the  effect  of  not  enough  air.  Cold  weather 
has  the  effect  of  too  much  air. 

Cylinder  Oil.  The  cylinder  oil  that  is  commonly  used  in  steam 
engines  cannot  be  used  in  gas  engines,  as  it  carbonizes  at  the  high 
temperature  of  the  explosion,  and  forms  a  deposit  in  the  cylinder 
and  on  the  exhaust  valve.  A  special  oil  is  used;  and  even  this,  if 


Not  enough  air  or  too 
much  gasoline 


Too  much  air  or  not< 
enough  gasoline. .  . 
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supplied  in  excess,  causes  a  gradual  accumulation  of  hard  deposit  in 
the  cylinder,  which  must  be  cleaned  out  occasionally.  Apart  from 
its  interference  with  the  action  of  the  igniter  and  exhaust  valve, 
this  deposit  is  liable  to  cause  premature  ignition  by  being  raised  to 
incandescence. 

Stoppage  of  Jacket  Water.  Cold  water  must  be  kept  circulat¬ 
ing  through  the  jackets  whenever  the  engine  is  running,  being  started 
as  soon  as  the  cylinder  warms  up.  A  stoppage  of  this  flow,  even 
for  a  comparatively  short  time,  is  likely  to  have  a  disastrous  effect 
upon  the  cylinder.  A  gradual  accumulation  of  sediment  may  occur 
in  the  water  jacket,  with  a  consequent  reduction  in  its  efficiency. 
On  shutting  down,  it  is  always  better  to  drain  the  jacket,  which  not 
only  prevents  the  possibility  of  its  freezing  up  in  winter,  but  also 
tends  to  clear  it  of  sediment.  In  general  practice,  however,  the 
jackets  are  drained  only  in  cold  weather. 

Back=Firing.  In  the  running  of  a  gas  engine — especially  under 
light  loads — very  loud  and  alarming  explosions  are  sometimes  heard 
in  the  admission  pipe  or  in  the  exhaust  pipe.  The  back-firing  in 
the  admission  pipe  sometimes  results  from  a  leaky  admission  valve, 
at  other  times  it  is  caused  by  something  in  the  cylinder,  such  as  a 
gas  pocket,  firing  the  entering  charge  before  the  inlet  valve  has  a 
chance  to  close;  the  latter  is  the  more  frequent  cause  of  the  two. 
The  explosions  in  the  exhaust,  indicating  as  they  do  the  presence  of 
explosive  gases  in  the  exhaust  pipe,  are  caused  either  by  the  use  of  a 
mixture  which  is  too  weak  or  too  rich,  or  by  faulty  ignition.  If  the 
mixture  is  too  weak,  the  charge  taken  in  just  after  an  explosion  may 
fail  to  ignite,  because  it  is  mixed  with  the  products  of  the  previous 
explosion,  while  the  next  charge  taken  in  may  explode  because  it 
does  not  mix  with  burned  gas  but  with  the  weak  charge  in  the  clear¬ 
ance.  The  hot  exhaust  gases  ignite  the  weak  mixture  which  was 
rejected  unburned  to  the  exhaust  at  the  previous  cycle.  If  the 
ignition  is  imperfect,  a  good  mixture  may  fail  to  explode  and  be 
exhausted,  and  may  then  be  ignited  in  the  exhaust  pipe  by  the  next 
exhaust  of  hot  gases. 

Adjustment  of  Point  of  Ignition.  The  proper  timing  of  the 
ignition  depends  upon  a  variety  of  conditions  of  operation  and  con¬ 
struction  of  an  engine.  In  the  following  paragraphs  the  various 
causes  leading  to  the  necessity  for  changing  the  relative  point  of 
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ignition  are  given,  and  the  direction  and  amount  of  change  necessary 
are  indicated. 

Adjustment  for  Change  of  Speed.  In  a  high-tension  system  for 
a  variable  speed  motor  in  which  the  alternations  are  produced  by 
a  trembler  interrupter,  the  timer  must  be  moved  so  as  to  interrupt 
the  primary  current  earlier  in  the  stroke  when  the  speed  of  rotation 
is  high  than  when  it  is  low.  This  is  due  to  the  fact  that  there  is  a 
certain  amount  of  lag  in  the  ignition  apparatus  between  the  instant 
of  first  closing  of  the  primary  circuit  by  the  trembler  and  the  jump¬ 
ing  of  a  spark  between  ignition  points  of  the  igniter.  The  time 
interval  of  this  lag  is  constant  whatever  the  speed  of  the  motor,  but 
the  amount  of  movement  of  the  crankshaft  of  the  motor  during  the 
period  of  this  lag  is  greater  when  the  motor  is  running  fast  than 
when  it  is  running  slowly — at  1000  revolutions  per  minute,  the 
crankshaft  will  move  twice  as  far  between  the  instant  of  first  closing 
of  the  primary  circuit  and  the  jumping  of  the  spark  as  it  will  when 
rotating  at  500  revolutions  per  minute — and  thus,  to  allow  for  this 
lag,  the  timer  must  be  advanced  as  the  engine  speed  increases,  the 
amount  of  advance  being  proportional  to  the  speed.  In  ignition 
systems  wThose  interrupter  is  mechanically  operated,  as  with  mag¬ 
netos,  the  lag  is  practically  nil. 

Adjustment  for  Rich  and  Lean  Mixture.  If  a  stationary  engine 
operating  on  producer  gas  has  its  ignition  properly  timed  for  the 
mixture  which  has  the  highest  rate  of  combustion  while  the  producer 
is  delivering  rich  gas,  and  the  gas  then  becomes  lean,  the  combustible 
mixture  going  to  the  engine  will  then  become  lean  if  the  setting  of 
the  proportioning  valves  remains  unchanged,  and,  therefore,  the 
ignition  will  have  to  be  advanced  to  secure  the  most  efficient  results 
for  the  kind  of  mixture  then  received.  In  the  same  manner,  if  the 
ignition  is  properly  timed  for  the  mixture  which  has  the  highest 
rate  of  combustion  when  the  producer  is  delivering  lean  gas,  the 
ignition  will  have  to  be  advanced  if  the  gas  becomes  very  much 
richer  and  the  setting  of  the  proportioning  valves  is  not  changed. 

Adjustment  for  Change  of  Compression.  When  an  engine  is 
throttle -governed  the  compression  is  varied  by  the  governor  action 
as  the  load  varies.  If  such  an  engine  is  operating  at  full  load  with 
its  ignition  properly  timed  and  the  load  falls  off,  the  ignition  must 
be  advanced  on  account  of  the  reduced  compression  and  consequent 
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slower  rate  of  combustion.  When  the  load  comes  on  again,  the 
ignition  must  be  retarded  to  its  initial  position. 

Variation  of  Duration  of  Ignition  with  Change  of  Speed.  Since 
the  explosive  mixture  requires  an  appreciable  amount  of  time  for 
combustion,  it  must  be  ignited  earlier  in  the  stroke  when  the  engine 
is  running  at  high  speed  than  at  low  speed,  in  order  to  obtain  the 
maximum  amount  of  power  from  the  fuel  consumed.  The  extent 
of  the  variation  of  the  duration  of  ignition  with  variation  of  speed 
depends  on  the  kind  of  ignition  system  employed  and  the  location 
of  the  igniter,  or  igniters.  A  system  which  gives  a  spark  of  con¬ 
stant  strength  regardless  of  the  speed  of  rotation  of  the  engine  must 
have  the  time  of  ignition  varied  more  with  variation  of  speed  than 
is  the  case  with  a  system  which  gives  a  stronger,  or  hotter,  spark  as 
the  speed  of  the  engine  increases.  If  the  igniter  is  located  away 
from  the  body  of  the  mixture  in  the  combustion  chamber — in  the 
pocket  over  the  valve,  or  between  the  valves  of  s6me  types  of  engines 
— then  the  ignition  must  be  more  advanced  than  when  the  igniter  is 
located  near  the  center  of  the  charge  volume. 

Most  ignition  systems  operating  on  battery  current  give  a 
spark  whose  strength  is  the  same  whatever  the  speed  of  the  engine. 
On  the  other  hand,  most  magneto-ignition  systems  using  current 
direct  from  the  magneto  give  a  stronger  spark  as  the  speed  of  the 
motor,  and  consequently  that  of  the  magneto,  increases.  Less 
advance  of  the  spark  is  therefore  required  in  the  magneto  system 
in  order  to  allow  for  the  variation  of  intensity  of  the  spark,  an 
additional  advance  being  necessary  to  allow  for  the  lag  if  a  trem¬ 
bler  is  used. 

Less  variation  of  the  time  of  ignition  is  necessary  if  two  or  more 
igniters  are  used,  located  some  distance  apart  in  e'ach  combustion 
chamber.  Aside  from  the  greater  certainty  of  ignition,  the  use* of 
two  igniters  decreases  the  time,  required  for  combustion,  since  each 
of  the  propagating  flames  emanating  from  the  points  of  ignition  has 
less  distance  to  travel  than  when  ignition  is  at  pne  point  only. 

Care  and  Adjustment  of  Ignition  Systems.  The  ignition  appa¬ 
ratus  should  always  be  kept  clean  and  the  insulation  should  be  kept 
as  free  from  oil  as  possible  (especially  in  high-tension  ignition), as  oil 
destroys  the  insulating  property  of  rubber. 

Spark  Plugs  for  Jump-Spark  System.  The  spark  plug  for  a 
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jump-spark  system  may  be  cleaned  by  the  use  of  a  stiff  bristle  brush 
and  gasoline  to  remove  the  carbon  deposits.  The  insulation  of  the 
plug  should  not  be  scraped  with  any  hard  tool,  as  the  roughened 
surface  resulting  will  afford  easier  lodgment  for  carbon  deposits 
than  a  smooth  surface.  If  a  bead  of  metal  has  formed  at  the  spark 
gap,  or  if  the  points  and  edges  have  become  rough  and  irregular  or 
burnt  and  pitted,  they  should  be  filed  off  square  across  the  length  of 
the  wire,  thus  leaving  sharp  edges,  from  which  a  spark  will  jump 
more  readily  than  from  a  smoothly  rounded  point.  If,  after  filing 
the  points,  the  spark  gap  is  too  great,  or  if  the  points  are  found  in 
good  condition  but  the  gap  is  too  great,  the  wire  which  forms  one 
side  of  the  gap  should  be  bent  enough  to  decrease  the  gap  to  the 
proper  amount.  In  some  plugs  the  insulated  spindle  or  other  part 
of  the  plug— depending  on  the  design— must  be  adjusted  to  accom¬ 
plish  this.  The  width  of  the  spark  gap  in  a  battery-ignition  system 
should  ordinarily  be  about  h  of  an  inch,  but  a  wider  gap  is  sometimes 
used.  Magneto  makers  generally  recommend  a  spark-gap  width, 
for  magneto  ignition,  of  from  ^  to  -g-V  of  an  inch  for  plugs  and  mag¬ 
netos  of  the  size  ordinarily  used  on  automobiles.  In  magneto-ignition 
systems  for  larger  engines  and  those  in  which  the  spark  plug  and 
magneto  are  larger  than  on  automobile  engines,  the  spark  gap  is 
wider — about  h  of  an  inch  being  suitable. 

Igniter  Plugs  in  Make-and-Break  System.  In  make-and-break 
igniter  plugs,  the  contact  points,  or  contact  surfaces  if  no  contact 
pins  are  used,  become  pitted  and  uneven  with  use  and  should  be 
dressed  with  a  smooth-cut  file  so  as  to  make  good  contact  with  each 
other.  Care  should  also  be  taken  to  see  that  the  points  separate 
at  least  J2  of  an  inch  when  tripped,  otherwise  the  spark  will  continue 
to  arc  across  the  gap  after  the  break,  igniting  the  incoming  charge 
during  the  next  suction  stroke,  causing  a  back  fire,  as  well  as  rapidly 
pitting  and  destroying  the  contact  surfaces.  A  much  wider  sepa¬ 
ration  than  this  is  customary  in  make-and-break  igniters,  especially 
in  large  plugs.  Sometimes  persistent  back  fires  can  be  traced  to 
the  fact  that  the  current  arcs  across  from  the  movable  electrode  to 
the  cylinder  wall  after  the  igniter  is  tripped,  due  to  the  fact  that  the 
movable  electrode  comes  too  close  to  the  wall.  Lamps  should  be 
used  in  the  circuit  of  each  igniter  to  regulate  the  current  flow  and 
prevent  the  contact  surfaces  from  pitting  too  rapidly  from  an  excess 
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of  current;  one  ampere  has  been  found  sufficient  to  give  satisfactory 
ignition  under  all  conditions. 

Tremblers .  Tremblers  should  be  so  adjusted  as  to  use  the 
minimum  battery  current  that  will  give  a  satisfactory  spark.  Ordi¬ 
narily,  more  current  flows  when  the  rate  of  vibration  is  high  than 
when  it  is  low.  The  rate  of  vibration  of  the  tremblers  should  be  set 
somewhere  near  midway  between  the  highest  and  lowest  rates  that 
will  give  ignition.  If  there  is  more  than  one  trembler  and  coil,  the 
tremblers  should  all  be  adjusted  as  nearly  as  possible  to  the  same 
pitch.  For  the  more  usual  sizes  of  coils,  from  one-half  to  one  and  one- 
half  amperes  is  required  for  operating  a  four-cylinder  high-speed 
motor. 

Contact  Timer.  A  sliding  contact  timer  should  have  the  rubbing 
surfaces  well  lubricated  by  means  of  either  an  oil  bath  or  by  packing 
the  timer  with  soft  grease.  With  a  roller-contact  timer  it  is  gener¬ 
ally  better  to  use  oil  than  grease,  as  grease  is  apt  to  prevent  good 
electrical  contact  between  the  roller  and  the  stationary  contact 
piece;  if  grease  is  used,  it  should  be  very  thin.  A  pressure-contact 
timer  (in  which  the  contact  is  made  in  the  same  way  as  in  a  trembler) 
is  not  intended  to  be  submerged  in  oil  and  should  not  have  any  oil 
on  the  contact  points,  as  it  may  prevent  effective  closing  of  the 
circuit  when  the  contact  points  are  covered  with  it.  A  soft  bristle 
brush  and  kerosene  should  be  used  to  clean  the  timer  whenever 
dirt  has  collected  in  it  to  any  appreciable  extent  and,  after  the 
cleaning,  oil  should  be  applied  to  the  rubbing  surfaces. 

Setting  the  Timer.  Remove  the  spark  plug  from  the  cylinder, 
leaving  the  wire  connected,  and  ground  the  outer  bushing.  Rotate 
the  crankshaft  until  the  piston  in  the  cylinder,  from  which  the  spark 
plug  has  been  removed,  is  on  dead  center  at  the  top  of  the  compres¬ 
sion  stroke.  Set  the  spark  control  at  the  position  corresponding  to 
ignition  at  dead  center  when  the  engine  is  rotating  slowly — for  high¬ 
speed  motors  not  more  than  one-fifth  of  the  entire  movement  of  the 
spark  control  in  advance  of  maximum  retard.  Uncouple  the  timer 
rotor  shaft  from  its  drive  and  rotate  slowly  in  the  direction  in  which 
it  rotates  while  operating,  until  a  spark  jumps  across  the  gap  in  the 
spark  plug,  which  has  been  removed  from  the  cylinder.  Recouple 
the  timer  rotor  shaft  to  its  drive  in  this  exact  position.  The  general 
method  here  set  forth  applies  equally  well  to  make-and-break 
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ignition,  only  instead  of  removing  the  igniter  plug  the  instant  of 
firing  can  be  determined  from  the  snap  of  the  tripping  device. 

Carbureter  Adjustments.  Close  the  gasoline  needle  valve  and 
then  open  a  few  turns.  Start  the  motor  and  allow  it  to  run  until  it 
becomes  jieated  to  normal  running  temperature.  If  the  carbureter 
has  only  one  adjustment— the  gasoline  needle  valve— open  or  close 
the  needle  valve  until  the  motor  fires  regularly  on  all  cylinders  and 
runs  at  maximum  speed  for  that  throttle  opening.  A  carbureter  of 
this  type  is  generally  designed  to  give  approximately  equally  good 
results  throughout  the  range  of  speed  and  therefore  the  speed  chosen 
for  adjustment  is  not  important.  In  a  carbureter  with  an  auxiliary 
air  valve  with  high-  and  low-speed  springs  the  upper  or  low-speed 
adjusting  nut  on  the  auxiliary  air  valve  should  be  adjusted  until  the 
valve  seats  lightly  before  the  motor  is  started,  and  at  the  same  time 
the  high-speed  spring  should  have  about  A  of  an  inch  play.  After 
starting  and  heating  up  the  motor  the  low-speed  adjusting  nut 
should  be  turned  until  the  motor  runs  properly  with  the  throttle 
closed.  Then  advance  the  spark  and  open  the  throttle  and,  if  the  motor 
back-fires,  turn  the  lower  or  high-speed  adjusting  nut  up  or  down 
until  the  back-firing  ceases.  The  high-speed  spring  should-  always 
have  at  least  ^  of  an  inch  play  while  the  motor  is  running  idle. 
This  type  of  carbureter  has  no  needle  valve  and  a  fixed  gasoline 
nozzle,  and  if  too  much  or  too  little  gasoline  is  supplied  the  nozzle 
must  be  removed  and  one  of  a  different  size  substituted. 

If  the  auxiliary  air  valve  has  only  one  adjustment,  the  high 
speed,  the  low  speed  adjustment  is  obtained  by  adjusting  the  gasoline 
needle  valve,  and  the  high  speed,  by  varying  the  tension  on  the 
auxiliary  air-valve  spring. 

If  the  carbureter  is  fitted  with  an  intermediate-  and  high-speed 
needle-valve  adjustment,  the  method  is  to  get  the  low-speed  adjust¬ 
ment  by  means  of  the  needle  valve  and  the  auxiliary  air  valve. 
Advance  the  spark  and  open  the  throttle  until  the  needle-valve 
roller  is  on  the  track  directly  below  the  first  or  intermediate  speed 
dial.  Adjust  the  screw  on  this  dial  until  the  motor  runs  properly. 
Open  the  throttle  wide  and  make  the  high-speed  adjustment  in  the 
same  way  on  the  second  dial. 

When  a  second  or  auxiliary  nozzle  is  used  it  comes  into  action 
only  as  the  motor  approaches  high  speed  and  should  therefore  be 
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so  adjusted  before  starting  that  it  cannot  come  into  action  at  low 
speed.  The  low-speed  adjustment  is  made  as  in  one  of  the  previous 
cases,  depending  upon  the  design.  The  high-speed  adjustment  is 
made  by  adjusting  the  opening  of  the  auxiliary  nozzle  until  the  motor 
runs  properly. 

Fitting  Piston  Rings.  Piston  rings,  when  placed  in  the  slot  in 
the  piston,  should  be  of  such  a  width  that  they  rotate  freely  in  the 
slot.  In  fitting  snap  piston  rings,  a  clearance,  a,  Eig.  177,  must  be 
filed  out  of  the  slot,  when  both  the  cylinder  walls  and  the  ring  are 
cold,  sufficient  in  amount  to  allow  for  the  expansion  due ’to  heat. 
This  cold  clearance  must  be  such  that  when  the  engine  is  heated  up 
to  working  temperature  there  will  still  be  a  slight  clearance  and  the 
ends  of  the  ring  will  not  butt.  If  this  happens,  the  wear  on  the 
cylinder  walls  or  the  rings,  or  both,  will  be  very  rapid.  The  follow¬ 
ing  formulas  are  obtained  from  estimates,  based  upon  practical 
experience,  of  the  temperatures  obtaining  in  the  various  parts  of  an 
engine. 

The  clearance  to  be  filed  in  the  slots  of  piston  rings  for  single- 
acting  uncooled  trunk  'pistons  may  be  taken  as 

a  =  0.0060d  to  0.0075d  in.  (6) 

where  d  is  the  diameter  of  the  cylinder  in  inches,  a  being  the  clearance 
space  in  the  ring. 

In  the  case  of  an  uncooled  trunk  piston  the  first  or  innermost 
ring  (nearest  the  explosion)  is  seriously  heated,  but,  nevertheless,  is 
not  as  hot  as  the  uncooled  piston  body,  since  the  ring  is  in  contact 
with  the  water- jacketed  cylinder  wall.  The  temperature  of  the 
piston  rings  decreases  very  rapidly  towards  th^,  outer  end — at  the 
last  ring  the  difference  between  the  mean  temperatures  of  the  ring 
and  of  the  cylinder  barrel  will  scarcely 
amount  to  more  than  90°  to  110°  F. 
Nevertheless,  all  the  rings  of  a  set  or  of 
a  size  should  be  given  the  same  clearance 
in  order  to  make  them  interchangeable. 

For  large  double-acting  water-cooled  pistons  the  temperature 
difference  supposedly  approaches  0  degrees.  Therefore  a  much 
smaller  clearance  a  suffices— from  0.040  to  0.200  inches, depending 
upon  the  diameter  of  the  cylinder. 


Fig.  177.  Snap  Piston  Ring 
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GAS-PRODUCERS 


INTRODUCTION 

Producer  Gas  and  Its  Competitors.  Producer  gas  is  the  gas 
resulting  from  the  gasification  of  solid  fuel  where  the  heat  required 
in  the  process  is  obtained  by  a  partial  combustion  of  the  fuel  itself;  it 
is  the  most  extensively  used  artificial  fuel  gas. 

Natural  gas  is  restricted  to  such  a  limited  territory  that  its  exten¬ 
sive  use  is  out  of  the  question.  Retort  gas  requires  a  definite  quality 
of  coal,  and  a  large,  complicated  plant,  and  makes  a  residue  which 
must  be  disposed  of.  Coke-oven  gas  can  be  made  only  in  a  large, 
complicated  plant,  and  requires  the  attention  of  a  skilled  chemist, 
and  also  a  ready  market  for  the  coke.  The  water-gas  process  is 
intermittent,  complicated,  and  not  very  efficient.  The  carbureted 
water-gas  process,  in  addition  to  having  the  disadvantages  of  the 
straight  water-gas  process,  requires  oil  for  the  carbureting  and,  more¬ 
over,  the  carbureting  adds  only  illuminants  which,  in  proportion  to 
their  density,  add  little  to  the  heat  value  of  the  gas.  Oil  gas  is 
restricted  to  a  very  limited  territory,  since  it  can  be  used  commer¬ 
cially  only  where  the  cost  of  oil  is  very  low.  The  use  of  blast-furnace 
gas  is  limited,  as  it  can  be  obtained  only  at  large  iron  works. 

There  has  been  a  great  demand  for  a  gaseous  fuel  within  the 
last  few  years,  and  this  has  given  the  producer-gas  industry  a  sudden 
growth.  This  demand,  and  the  resulting  growth,  are  due  not  only 
to  the  advent  of  the  gas  engine,  but  also  to  the  appreciation  of  the 
value  of  gaseous  fuel  for  ceramic  and  metallurgical  operations  and 
the  constant  diminution  of  the  natural-gas  supply.  High  and  easily 
controlled  working  temperatures,  perfect  combustion  (eliminating 
the  smoke  nuisance),  and  high  fuel  economy  are  most  readily 
obtainable  by  the  use  of  a  gaseous  fuel.  Since  many  ceramic  and 
metallurgical  operations  require  such  conditions  for  successful 
operation,  producer  gas  has  an  extensive  use  in  such  work.  Many 
industries,  which  in  the  past  have  used  natural  gas  for  fuel,  have 
started  to  use  producer  gas,  as  the  cost  of  the  natural  gas  has  increased. 
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History  of  Producer  Gas.  About  1834,  Faber  du  Faur,  a 
German  engineer,  began  using  blast-furnace  gas  for  heating  furnaces 
This  gave  such  good  results  that  the  demand  for  the  gas  was  greater 
than  the  supply  furnished  by  the  furnaces.  From  this  he  reasone 
that  it  would  be  desirable  to  build  a  low  type  of  blast  furnace, 

omitting  the  charge  ot  iron 
and  using  the  furnace  only 
for  the  production  of  gas  to 
supply  the  increased  demand. 
Circumstances  prevented 
Faber  du  Faur  carrying  this 
idea  into  practice;  but  he 
announced  it  at  that  time, 

J  and  several  contemporary 
engineers  began  working  on 
the  problem. 

First  Gas-Producer.  The 
first  gas-producer  was  prob¬ 
ably  built  byBischof  in  1839. 
It  is  shown  in  Fig.  1,  and 
resembles  a  small  blast  fur¬ 
nace.  A  is  the  ash  pit  under 
grate  B ;  C  and  D  are  clean¬ 
ing  doors,  the  former  being 
made  with  openings  to  admit 
the  air;  E  is  the  body  of  the 
producer;  F  and  G  are  doors 
for  charging  the  producer 
with  fuel;  H  is  the  gas  exit; 
/  shows  a  peep-hole  for  exam¬ 
ining  the  condition  of  the  fire, 


Section  of  First  Gas-Producer 


Later  Developments .  Ekman  in  Sweden,  Wedding  in  Germany, 
Ebelmen  in  France,  and  Siemens  in  England,  were  also  working  on 
the  problem  between  1840  and  1860;  and  they  all  built  certain  types 
of  producers.  Ebelmen  anticipated  several  present-day  types  of 
producers. 

Siemens,  Dowson,  and  Benier.  The  first  producer  to  be  used  to 
any  extent  was  the  Siemens,  which  was  introduced  in  England 
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about  1860.  This  forms  the  commercial  starting  point  of  the  pro¬ 
ducer-gas  industry.  Dowson,  in  1878,  was  the  first  to  use  producer 
gas  for  power  purposes.  The  suction  gas-producer  was  introduced 
in  France,  on  a  commercial  scale  by  Benier,  in  1895. 

MANUFACTURE  OF  PRODUCER  GAS 

CHEMICAL  AND  MECHANICAL  PROCESS 

Firing  to  produce  gas  requires  that  the  fuel  bed  be  thick  and 
compact  enough  to  permit  only  a  partial  combustion  of  the  fuel,  so 
that  a  stream  of  combustible  gas  will  be  given  off  at  the  surface  of 
•the  fuel.  Direct  firing  requires  that  the  fuel  bed  shall  be  sufficiently 
thin  and  porous  to  permit  enough  oxygen  to  get  through  the  inter¬ 
stices  in  the  fuel  bed  to  produce  vigorous  combustion  at  the  surface 
of  the  fuel. 

Chemical  Constituents  of  Producer  Gas.  Simple  Form, .  The 

simplest  form  of  producer  gas  consists  of  a  mixture  of  nitrogen  and 
carbon  monoxide.  That  is,  when  a  bed  of  charcoal  or  coke  is  blown 
with  a  dry  air  blast,  the  fuel  bed  will  soon  be  at  a  white  heat,  when 
the  following  reaction  will  take  place: 

C+(0+N)  =  C0+N  (1) 

air 

In  this  formula  the.  symbols  represent  the  chemical  elements 
entering  into  the  reaction  but  do  not  show  their  relative  amounts. 

In  case  carbon  dioxide  is  formed,  it  should  be  immediately 
converted  into  the  monoxide,  by  an’ excess  of  incandescent  carbon. 
Thus 

CO 2+ C =2  CO  (2) 

The  heat  required  for  gasification  is  that  which  is  evolved  in 
burning  the  carbon  to  carbon  monoxide.  The  heat  available  in  the 
gas  is  that  which  will  be  evolved  when  the  carbon  monoxide  is  burned 
to  carbon  dioxide.  The  heat  loss  by  this  method  is  very  high,  as  is 
shown  by  the  following  example: 

1  lb.  C  burned  to  C02  evolves  14,500  B.t.u.  =  heat  in  fuel 

1  lb.  C  burned  to  CO  evolves  4,450  B.t.u.  =  heat  lost 

10,050  B.t. unavailable  heat  in 

gas  (about  70  per  cent). 

Effect  of  Use  of  Steam.  On  account  of  the  high  heat  loss,  the 
use  of  simple  producer  gas  is  now  obsolete.  Ihe  use  of  steam  not 
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TABLE  I 

Typical  Producer-Gas  Analysis 


Constituents 

Per 

Cent 

8.0 

, 

3.0 

Combustible  < 

0.5 

24.0 

1  Carbon  monoxide  ...... . 

1.0 

Condensible  ^ 

1.0 

3.0 

Diluents 

0.5 

59.0 

100.0 

only  reduces  this  loss,  but  also  increases  the  heating  value  of  the 
gas,  and  eliminates  some  of  the  difficulties  of  producer  operation. 
Thus  a  small  amount  of  water  gas  is  made  along  with  the  producer 
gas  In  some  producers,  the  fuel  undergoes  a  partial  destructive 
distillation  before  going  on  to  the  fuel  bed  proper.  Hence,  modern 
producer  gas  is  nearly  always  made  in  three  processes,  the  best 
features  of  the  retort,  water-gas,  and  producer-gas  processes  being 
combined  into  one  simple,  continuous,  and  efficient  process.  This 
combination  of  the  best  elements  of  other  systems  is  the  secret  of 
the  extensive  present-day  use  of  producer  gas. 

Composition  of  a  Representative  Producer  Gas.  Producer  gas  is 
a  mixture.  Table  I  shows  the  composition  of  a  representative 
sample  of  producer  gas. 

The  proportion  of  each  constituent  present  will  depend  upon  the 
nature  of  the  raw  fuel,  the  type  of  producer,  and  the  method  of 
operation.  Water  vapor  and  tar,  although  generally  present,  are  not 
usually  determined  and  given  in  the  analysis,  since  both  will  nearly 
always  condense  within  a  short  distance  from  the  producer.  Tar  in 
producer  gas  comes  directly  from  the  fuel;  it  will  condense  quite 
easily  and  will  then  be  precipitated  in  the  pipes. 

A  fixed  or  permanent  gas  is  one  which  has  no  condensible  con¬ 
stituents  when  the  gas  is  cooled.  Producer  gas  should  be  composed 
of  fixed  gases  only,  since  the  gas  will  always  be  cooled  after  leaving 
the  producer  and,  if  it  contains  any  condensible  constituents,  these 


288 


GAS-PRODUCERS 


5 


will  be  deposited  in  the  pipes;  this  will  cause  a  heat  loss  and  will  also 
give  trouble  from  the  clogging  of  the  pipes. 

Typical  Produper.  A  typical  producer  is  shown  in  Fig.  2.  It 
consists  essentially  of  a  steel  jacket  A;  fire-brick  lining  B;  support  C; 
grate  E;  tuyere  F,  which  is  now  frequently  omitted  in  suction  pro¬ 
ducers;  air  blast  H;  charging  hopper  J ;  poke-hole  K;  and  retort  or 
fuel  reservoir  L.  In  American  types,  L  was  usually  omitted;  but  it 


is  used  quite  extensively  in  European  types  and  is  now  coming  into 
use  in  the  best  types  of  American  producers.  Frequently,  the  grate 
is  omitted  and  the  fuel  rests  directly  on  the  ash-pan  bottom. 

Steam  Blowers.  The  steam  and  air  should  be  introduced 
together  so  as  to  secure  a  thorough  admixture.  In  a  large  number 
of  producers,  the  air  is  forced  into  the  producer  by  a  steam  blower, 
which  is  simply  an  air  injector.  Since  a  small  quantity  of  steam 
must  carry  in  a  large  quantity  of  air,  the  area  of  the  surface  of  con- 
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tact  between  the  two  should  be  as  large  as  possible,  for  the  quan¬ 
tity  of  air  delivered  per  minute  by  a  steam  jet  depends  upon  the 
surface  of.contact  between  the  air  and  the  steam, irrespective  of  the 
steam  pressure,  up  to  the  limit  of  exhaustion  or  compression  that 
the  steam  jet  is  capable  of  producing.  Two  general  types  of 
steam  blowers  are  shown  in  Figs.  3  and  4.  The  former  has  a  very 
small  area  of  surface  contact  between  the  air  and  steam  and,  as  a 

result,  this  form  of  blower 
is  very  inefficient.  The 
type  shown  in  Fig.  4 
will  deliver  several  times 
as  much  air  with  a  given 
quantity  of  steam  as  the 

"Fig.  3.  Inefficient  Type  of  Steam  Blower  blower  shown  in  Fig.  3. 

Chemical  Action  in  a  Gas=Producer.  The  chemical  action  in  a 
gas-producer  will  be  understood  more  readily  by  considering  each 
successive  step.  Fig.  2  shows  the  fuel  bed  divided  into  four  zones. 
In  practice,  the  line  of  demarcation  between  the  different  zones  is 
not  always  distinct,  and  they  sometimes  overlap  one  another. 


Ash  Zone.  No  reactions  take  place  in  the  ash  zone,  but  it 
serves  to  protect  the  grate  from  the  intense  heat  of  the  upper  zones, 
and  also  pre-heats  the  air  blast  in  an  up-draft  producer. 

Combustion  Zone.  The  combustion  zone  receives  its  name  from 
the  fact  that  the  heat  required  for  gasification  is  generated  there  by 
the  combustion  of  the  carbon,  which  burns  to  carbon  dioxide.  Thus 

C+02  =  C02  (3) 

The  intense  heat  generated  there  keeps  the  superimposed  zone  at  its 
proper  working  temperature. 
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Decomposition  Zone.  The  decomposition  zone  receives  its  name 
from  the  fact  that  the  steam  from  the  blast,  and  the  carbon  dioxide 
from  the  combustion  zone,  are  there  decomposed.  Thus 

H2O  +  C—  II 2~\~  CO  (4) 

(2+16)  +  12  =  2  +(12+16)  molecular  weights 
(1+8)+  6  —  1  +(6+  8)  proportion  of  molecular  weights 
C02+C=2C0  (5) 

The  zone  must  contain  an  excess  of  incandescent  carbon,  and  must 
be  kept  above  1800  degrees  Fahrenheit,  in  order  that  these  reactions 
may  take  place.  Since  the  decomposition  of  the  steam  will  absorb 
a  large  quantity  of  heat,  it  is  evident  that  only  a  limited  amount  may 
be  used,  if  the  operation  of  the  producer  is  to  be  continuous,  By 
Equation  (4)  with  6  lb.  of  carbon  burned  to  carbon  monoxide,  evolv¬ 
ing  6X4450  =  26,700  B.t.u.,  1  lb.  of  hydrogen  will  be  separated  from 
8  lb.  of  oxygen,  the  two  being  in  the  form  of  9  lb.  of  steam,  and  this 
will  absorb  exactly  the  same  amount  of  heat  that  would  be  given 
off  in  the  combustion  of  1  lb.  of  hydrogen — namely,  62,100  B.t.u. 
The  heat  absorbed  by  the  reaction  will  equal  62,100—26,700  = 
35,400  B.t.u.  for  every  9  lb.  of  steam  decomposed,  or  3933  B.t.u. 
for  every  pound  of  steam. 

Distillation  Zone.  The  distillation  zone  is  so  named  because 
the  heat  from  the  lower  zones  effects  a  partial  distillation  of  the' 
fresh  fuel  in  that  zone.  The  addition  of  a  charge  of  fresh  fuel  will 
always  lower  the  temperature,  and  this  will  change  the  composition 
of  the  resulting  gas.  High  temperatures  in  this  zone  are  conducive 
to  the  formation  of  fixed  gases,  while  low  temperatures  will  be  sure 
to  produce  a  large  yield  of  tar. 

Working  of  Gas=Producer.  The  temperature  of  the  gas  as  it 
leaves  the  producer  should  be  kept  low,  or  else  the  sensible  heat  loss 
due  to  the  cooling  of  the  gas  between  the  producer  and  the  place  of 
use  will  be  high. 

The  producer  should  be  so  arranged  that  the  sensible  heat  of 
the  gas  may  be  utilized  for  pre-heating  either  the  fuel  or  the  air. 
The  pipes  for  hot  gas  must  be  larger  than  those  for  cold  gas,  because 
of  the  larger  volume  per  unit  weight  of  gas  at  higher  tempera¬ 
tures.  Gas  at  660  degrees  F.  has  twice  the  volume  of  gas  at  100 
degrees  F.  The  valves  and  dampers  for  handling  hot  gas  must 
be  water-cooled  to  prevent  warping.  Further,  for  gas-engine  work 
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TABLE  II 

Effects  of  Temperature  on  Action  of  Steam 


Percentage  of 

Gas  Analysis 

Temperature  F. 

Steam  Decomposed 

C02 

CO 

H 

1245 

8.8 

29.8 

4.9 

65.2 

1750 

70.2 

6.8 

39.3 

53.3 

2057 

99.4 

*  .6 

48.5 

50.9 

This  table  shows  the  importance  of  keeping  the  temperature  of  the  combus¬ 
tion  and  decomposition  zones  near  2000  degrees  Fahrenheit,  if  satisfactory 
results  are  to  be  obtained. 


the  sensible  heat  is  of  no  value,  and  the  gas  should  be  cooled  when  it 
goes  into  the  engine  cylinder,  in  order  to  increase  the  charge  weight. 

Pre-heated  air  will  not  only  reduce  the  heat  losses,  but  will  also 
induce  better  gasifying  conditions.  The  waste  heat  in  the  gas- 
engine  exhaust  may  be  used  for  pre-heating  the  air  when  a  producer 
furnishes  the  gas  for  the  engine.  By  such  an  arrangement  the 
efficiency  of  the  producer  can  be  increased  ten  per  cent. 

Satisfactory  operation  of  the  producer  can  be  secured  only 
when  the  different  zones  are  kept  at  their  proper  temperatures. 
Temperatures  which  are  too  low  result  in  the  formation  of  small 
amounts  of  carbon  monoxide,  and  large  amounts  of  carbon  dioxide 
and  water  vapor,  causing  a  heavy  heat  loss,  since  the  last  two  are 
not  only  diluents,  but  also  represent  a  certain  heat  loss  in  the  pro¬ 
ducer.  An  excess  of  steam  causes  a  reduction  vof  temperature. 
The  effect  of  different  zone  temperatures  on  the  composition  of  the 
gas  is  shown  in  Table  II,  the  data  for  which  has  been  taken  from 
an  actual  test. 

The  decomposed  steam  acts  as  a  carrier  of  heat  energy  between 
the  producer  and  the  chamber  in  which  the  gas  is  to  be  burned.  All 
the  heat  absorbed  from  the  producer  in  the  decomposition  of  the 
steam  and  in  the  formation  of  hydrogen  will  be  given  out  when  the 
hydrogen  is  burned  back  to  water.  That  is,  when  steam  is  used,  a 
certain  amount  of  sensible  heat  that  would  otherwise  be  wasted  in  the 
producer-gas  process  is  locked  up  temporarily  in  the  form  of  hydro¬ 
gen,  and  carried  over  into  the  combustion  chamber,  where  it  becomes 
available.  Under  no  circumstance  can  the  use  of  steam  cause  a 
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gain  of  heat,  and  the  tendency  will  always  be  to  lower  the  tempera¬ 
ture  of  the  fire.  In  addition  to  the  conservation  of  the  heat  losses 
in  the  process  of  gasification,  the  steam  has  a  very  desirable  mechan¬ 
ical  effect  on  the  fuel  bed,  by  softening  the  clinkers,  preventing 
localized  combustion  and  the  fusing  of  the  clinkers  to  the  brickwork, 
keeping  the  fuel  bed  porous  and  homogeneous,  and  protecting  the 
grate  by  keeping  the  intense  combustion  away  from  it. 

The  producer  should  be  supplied  with  all  the  steam  that  it  can 
decompose,  in  order  to  secure  a  high  efficiency.  This  maximum 
quantity  will  vary  with  the  nature  of  the  raw  fuel,  with  the  type  of 
producer,  and  with  the  method  of  operation. 

Fuel.  Practically  every  known  solid  fuel  has  been  successfully 
used  for  the  manufacture  of  producer  gas.  The  purpose  for  which 
the  gas  is  to  be  used,  and  the  type  of  producer,  will,  however,  deter¬ 
mine  what  fuels  may  be  used  in  each  particular  case.*  Since  each 
fuel  will  give  the  gas  certain  definite  properties,  it  is  evident  that  the 
producer  gas  made  from  different  fuels  may  vary  perceptibly  in  com¬ 
position.  Producer  gas  made  from  bituminous  coal  will  be  high  in 
easily  condensible  hydrocarbons,  generally  spoken  of  as  “tar”;  while 
that  made  from  anthracite  coal  will  have  a  low  percentage  of  tar. 
Thus,  some  fuel  with  a  certain  type  of  producer  might  make  a 
quality  of  gas  that  would  give  good  results  in  a  steel  furnace;  while 
this  same  gas  might  be  worthless  for  use  in  a  gas  engine.  Impurities 
in  the  raw  fuel  will,  in  certain  cases,  give  the  resulting  gas  certain 
constituents  that  would  make  it  unfit  for  certain  kinds  of  work. 
In  burning  certain  ceramic  products  with  producer  gas  made  from 
fuel  containing  volatile  sulphur  compounds,  ammonium  salts,  or 
other  impurities,  considerable  difficulty  may  be  experienced  from 
the  action  that  the  gas  may  have  on  the  particular  product  under 
treatment.  On  the  other  hand,  if  a  mufffe  kiln — that  is,  one  in  which 
the  combustion  products  do  not  come  in  contact  with  the  ware  that 
is  being  burned — is  used,  the  impurities  would  not  make  any 
difference. 

The  size  and  condition  of  the  fuel  are  of  considerable  impor¬ 
tance.  A  crushed  coal  will  always  give  better  results  than  coal  with 
large  lumps.  Some  run-of-mine  coal  is  now  being  used  in  gas- 
producers;  but  it  must  be  remembered  that  not  all  things  that  are 
possible  are  desirable.  The  use  of  fine  dust,  also,  is  not  good  prac- 
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tice.  The  fuel  should  be  dry,  since  any  moisture  that  it  contains 
must  be  driven  off  in  the  producer,  and  this  will  cause  a  certain  heat 
loss.  Anthracite,  bituminous-,  and  brown  coal,  peat,  lignite,  wood, 
sawdust,  shavings,  tanbark,  and  similar  refuse  have  all  been  used 
for  making  producer  gas. 


GASIFICATION  LOSSES 


Efficiency.  Since  producer  gas  is  made  by  a  partial  combustion 
of  the  fuel  itself,  it  is  evident  that  there  must  always  be  a  certain  loss 
in  the  process  of  gasification;  and,  as  a  result,  the  efficiency  of  the 
gas-producer  will  always  be  less  than  unity. 


Efficiency  = 


Heat  units  in  gas  from  a  unit  weight  of  fuel 
Heat  .units  in  a  unit  weight  of  fuel 


With  a  properly  designed  and  carefully  operated  gas-producer, 
the  gasification  loss  should  not  be  over  20  per  cent;  that  is,  the 
efficiency  should  be  at  least  80  per  cent.  Thus,  if  the  fuel  contained 
14,000  B.t.u.  per  pound,  and  the  gas  evolved  from  a  pound  of  that 
fuel  contained  11,200  B.t.u.,  then  the  efficiency  would  be  equal  to 
H,200  0 

'14000  = -8,  or  80  per  cent. 

The  heat  energy  in  the  gas  will  be  of  two  forms — heat  of  com¬ 
bustion  and  sensible  heat,  by  virtue  of  the  temperature  of  the  gas. 
Since  the  latter  will  be  lost  if  the  gas  is  cooled  down  to  atmospheric 
temperature,  it  is  evident  that  a  gas-producer  will  have  two  efficien¬ 
cies,  depending  upon  whether  the  gas  is  used  hot  or  cold.  The 
former  is  called  the  hot-gas  efficiency,  while  the  latter  is  called  the 
cold-gas  efficiency. 

If  .any  carbon  passes  through  the  producer  without  being  con¬ 
verted  into  gas,  a  correction  must  be  made  to  get  the  true  efficiency 
of  the  gasification.  The  grate  efficiency  represents  the  percentage 
of  carbon  actually  gasified.  A  grate  efficiency  of  96  per  cent  means 
that  96  per  cent  of  the  carbon  charged  into  the  producer  is  gasified, 
and  4  per  cent  passes  out  with  the  ashes.  The  true  efficiency  of 
the  producer  or  the  efficiency  of  gasification  of  the  fuel  will  be  the 
efficiency  as  first  determined  divided  by  the  grate  efficiency.  If 
the  efficiency  as  first  determined — or,  what  is  the  same  thing,  the 
apparent  efficiency  is  80  per  cent,  and  the  grate  efficiency  is  96  per 
cent,  then  the  true  efficiency  of  the  producer  is  80  per  cent  -f-  96  per 
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cent  or  83.3  per  cent.  This  refinement  is  seldom  applied,  since  the 
producer  and  grate  should  be  so  designed  that  no  unburnt  carbon 
is  carried  out  in  the  ash. 

Heat  Losses.  There  are  many  heat  losses  in  the  process  of 
gasification.  By  judicious  management,  each  of  these  may  be 
reduced  to  a  very  small  quantity.  The  principal  losses  are  the 
sensible  heat  loss  and  the  carbon  dioxide  loss. 

The  sensible  heat  loss  is  the  heat  carried  out  by  the  gas,  by 
virtue  of  its  temperature.  If  the  temperature  of  the  exit  gases  is 
1000  degrees  Fahrenheit,  this  loss  will  amount  to  about  11  per  cent. 
If  the  producer  gas  is  high  in  hydrogen — which  has  a  high  specific 
heat — the  percentage  of  loss  will  be  higher.  The  sensible  heat  loss 
is  large  in  nearly  all  forms  of  producers.  The  loss  due  to  carbon 
dioxide  is  frequently  high;  in  bad  cases  it  may  amount  to  10  per  cent. 

Heat  Balance.  The  principal  items  in  the  heat  balance  of  a 
gas-producer  are  as  follows: 

Debit  Side  Credit  Side 

Calorific  power  of  fuel  Calorific  power  of  gas 
Heat  in  air  blast  Lost  in  ashes 

Heat  in  steam  blast  Lost  in  unburned  carbon 

Lost  in  tar  and  soot 
Lost  in  sensible  heat  of  gas 
Lost  in  heating  undecomposed  steam 
Lost  in  evaporating  moisture  in  fuel 
Lost  in  volatilization  of  hydrocarbons 

Lost  in  radiation _ _ 

'  Sum  of  debits  =  Sum  of  credits 

REPRESENTATIVE  TYPES  OF  GAS=PRODUCERS 

The  prefixing  of  either  the  name  or  the  type  of  the  producer  to 
the  gas  made  therein  is  not  to  be  recommended,  that  is,  names  such 
as  “Siemens  gas”,  “Dowson  gas”,  “Mond  gas”,  and  “suction  gas” 
are  undesirable.  It  was  originally  thought  that  each  design  or  type 
of  producer  would  make  a  gas  with  a  certain  distinctive  quality. 
It  is  true  that  the  gas  made  in  different  producers  will  vary  in  com¬ 
position;  but  this  variation  is  due  to  the  method  of  operation  or  to 
the  nature  of  the  raw  fuel  used,  rather  than  to  the  type  of  producer. 

Gas-producers  may  be  defined  as  follows: 

A  water-seal  gas-yroducer  is  one  so  constructed  as  to  have  a 
seal  of  water  between  the  interior  of  the  producer  and  the  air. 
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A  continuous  gas-producer  is  one  that  may  be  operated  continu¬ 
ously  for  a  long  period  of  time.  To  secure  this  condition,  the  fuel 
must  be  introduced,  and  the  ashes  removed,  in  such  a  manner  as  not 
to  interfere  with  the  process  of  gasification. 

An  up-draft  gas-producer  is  one  that  introduces  the  air  at  the 
bottom  and  removes  the  gas  at  the  top. 

A  down-draft  gas-producer  is  one  that  removes  the  gas  from 
the  bottom,  and  introduces  the  air  blast  at  the  top  of  the  fuel  bed, 
and  in  this  way  causes  the  draft  and  the  resulting  combustion  to 
go  downward.  The  term  inverted-combustion  is  also  used  synony¬ 
mously  for  down-draft. 

A  by-product  gas-producer  is  one  that,  in  addition  to  the  regular 
production  of  gas,  makes  one  or  more  auxiliary  products  based  on 
certain  constituents  of  the  raw  fuel  or  resulting  gas,  constituents 
that,  generally,  would  otherwise  be  lost. 

An  underfeed  gas-producer  is  one  in  which  the  fresh  fuel  is  fed 
into  the  bottom  of  the  producer. 

Classification.  All  gas-producers  may  be  classified  into  the 
following  groups : 

(1)  Suction 

(a)  Draft  induced  by  a  chimney 

(b)  Draft  induced  by  an  exhauster 

(c)  Draft  induced  by  a  gas-engine  piston 

(2)  Pressure 

(3)  Balanced  draft 

Suction  Producer.  A  suction  producer  is  one  in  which  the 
resulting  gases  are  drawn  or  induced  away  from  the  producer;  the 
interior  of  the  producer  is  kept  at  less  than  atmospheric  pressure, 
and  the  air  is  forced  in  by  the  pressure  of  the  outside  air.  The 
suction  may  be  obtained  by  a  chimney,  exhaust  fan,  or  gas-engine 
piston.  There  has  been  considerable  confusion  in  nomenclature, 
some  proposing  that  the  only  apparatus  that  should  be  called  a 
suction  producer  is  that  in  which  the  suction  is  furnished  by  the 
engine  piston.  This  would  be  quite  correct  if  it  were  applied  to 
the  plant,  i.e.,  if  such  a  plant  were  called  a  suction  gas  power  plant. 
To  the  producer  itself,  it  is  immaterial  how  the  suction  is  produced. 
An  engine  of  any  size  can  be  made  to  furnish  the  suction  for  the 
producers  and  the  plant  will  run  satisfactorily.  It  has  been  found 
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better,  however,  from  the  standpoint  of  economy,  and  to  obtain 
greater  reliability,  to  substitute  some  other  apparatus — an  exhauster 
— for  the  gas-engine  piston  in  large  gas-engine  plants,  since  an 
exhauster  is  a  much  more  efficient  gas  pump  than  is  the  engine 
piston.  The  only  advantage  in  having  the  suction  furnished  by  the 
engine  piston  is  its  simplicity;  this  is  important  only  to  small  plants 
where  simplicity  throughout  is  a  prime  requisite.  In  large  plants, 
however,  the  greater  economy  and  reliability  which  result  from 
the  use  of  an  exhauster  always  more  than  overbalance  the  loss  of 
simplicity. 

Pressure  Producer.  A  pressure  producer  is  one  in  which  a 
mixture  of  air  and  steam  is  supplied  to  the  producer  under  pressure, 
the  pressure  being  sufficient  to  force  the  mixture  through  the  fuel 
bed  and  to  force  the  resulting  gases  to  the  point  where  they  are  to 
be  used. 

Balanced-Draft  Producer.  A  balanced-draft  producer  is  one  in 
which  a  combination  of  the  two  previous  methods  is  used.  A  mix¬ 
ture  of  air  and  steam  is  furnished  to  the  producer,  under  pressure, 
by  a  blower,  and  the  resulting  gases  are  drawn  off  by  an  exhauster 
and  sent’  to  the  engine  under  pressure — the  relative  pressure  and 
suction  being  so  adjusted  that  the  pressure  on  top  of  the  fire  is  just 
atmospheric.  The  advantage  of  this  system  is  that  the  fire  can  be 
properly  looked  after  and  cleaned  without  the  leakage  either  of  gas 
into  the  producer  room  or  air  into  the  producer.  This  is  particu¬ 
larly  advantageous  for  continuous  operation,  since  the  fire  needs 
occasional  attention  and  poking  to  clean  out  the  ash  and  to  prevent 
the  formation  of  ash  chimneys,  clinker,  or  of  fire  arch.  In  a  pres¬ 
sure  producer,  when  a  poke-hole  is  opened,  gas  flows  out  into  the 
room  and  the  operator  will  not  give  the  fire  proper  attention  because 
of  the  discomfort  from  the  gas.  In  a  suction  producer,  when  a  poke- 
hole  is  opened,  air  flows  into  the  producer  and  as  soon  as  it  comes 
into  contact  with  the  hot  gas,  the  gas  catches  fire  and  burns,  thus 
increasing  the  amount  of  inert  gases  and  weakening  the  gas  delivered 
to  the  engine;  if  the  poke-hole  is  kept  open  too  long  this  will  become 
so  serious  as  to  give  trouble  in  operating  the  engine.  In  a  balanced- 
draft  producer,  on  the  other  hand,  since  there  is  no  difference  of 
•pressure  between  the  inside  of  the  producer,  on  top  of  the  fire,  and 
the  producer  room,  there  will  be  no  flow  in  either  direction. 
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SUCTION  TYPE 

Small  Producers  in  Which  Engine  Furnishes  Suction.  Fair- 

b anks-Morse  Type.  Small  producers  of  this  type  are  used  entirely 
for  power  purposes— furnishing  gas  for  gas  engines.  The  producer 
shown  in  Fig.  5  is  typical  of  this  class.  The  producer,  or  generator 

fn.  £L 


Fig.  5.  Cross  Section  of  Fairbanks-Morse  Suction  Gas-Producer  Arranged  to 
Show  Principal  Parts 

Courtesy  of  Fairbanks,  Morse,  and  Company,  Chicago 


proper,  is  constructed  with  a  double-walled  shell  C  and  C' ,  between 
which  the  current  of  inlet  air  flows,  picks  up  the  heat  radiated 
through  the  walls,  from  the  producer,  and  returns  it  to  the  fuel  bed 
through  the  pipe  D.  The  vaporizer  is  located  within  the  double 
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walls  and  is  in  the  form  of  troughs  E,  into  which  a  measured  stream 
of  water  runs,  depending  upon  the  suction  in  the  producer  induced 
by  the  engine,  i.e.,  upon  the  load.  The  water  is  vaporized  by  the 
radiated  heat,  mixes  with  the  heated  air  and  passes  through  the 
fuel  bed,  breaking  up  the  clinker  and  cooling  the  fire  to  working 
temperature.  The  producer  has  a  water-sealed  bottom,  the  water 
being  carried  in  the  ash  pit  G.  The  fuel  bed  is  not  carried  upon 
grates,  being  supported  upon  a  bed  of  ashes  in  the  ash  pit,  which, 
as  they  accumulate  above  the  sight  holes  F  can  be  removed  through 
the  water-sealed  ash  pit.  The  air  and  steam  blast  is  admitted  to 
the  center  of  the  fuel  column  through  the  bonneted  pipe,  or  blast 
hood  H.  The  shell  C'  is  well  lagged  and  the  top  I  of  the  generator 
is  water-cooled  to  prevent  radiation  to  the  producer  room  and  to 
keep  the  top  of  the  producer  cool  enough  so  that  the  operator  can 
properly  attend  to  it  without  discomfort.  The  inner  shell  C  is  pro¬ 
tected  by  a  fire-brick  lining  B.  The  charging  hopper  J  is  sealed  top 
and  bottom  by  the  cover  K  and  counterweighted  valve  L,  respec¬ 
tively,  and  is  so  constructed  that  it  is  impossible  to  open  either  one 
if  the  other  is  not  closed.  The  bottom  valve  L  serves  also  to  dis¬ 
tribute  the  fuel  over  the  surface  of  the  fuel  bed  in  charging.  Gas  is 
drawn  off  from  the  top  of  the  producer  by  the  pipe  M.  In  the  top 
of  the  downcomer  P,  leading  to  the  scrubber  N,  is  located  a  spray 
nozzle  through  which  flows  a  very  small  quantity  of  water.  This 
water  is  vaporized  by  the  hot  gas  and  aids  in  the  cleaning  when  it  is 
again  condensed  in  the  scrubber,  as  the  particles  of  water  in  con¬ 
densing  steam  are  smaller  than  can  be  mechanically  obtained  and 
are  thus  able  to  envelop  and  weigh  down  the  smaller  particles  of 
impurities  in  the  gas,  which  w^ould  otherwise  not  be  removed  from 
the  gas.  The  relatively  large  mechanically  obtained  particles  of 
water  are  tpo  large  to  envelop  the  small  particles  of  dust  in  conse¬ 
quence  of  the  increase  of  skin  tension  with  increase  of  size.  The 
producer  and  scrubber  or  producer  and  purge  pipe  R  are,  connected 
by  the  water-sealed  three-w^ay  valve  0  in  such  a  way  that  the 
scrubber  cannot  be  in  communication  with  the  purge  pipe. 

Syracuse  Suction  Type.  The  producer  shown  in  Fig.  6  is  also  a 
double-shell  producer  in  which  the  air  is  brought  down  to  the  fuel 
bed  through  the  space  between  the  shells  and  is  there  pre-heated. 
The  inner  lining  is  protected  by  fire  brick  only  to  the  height  at 


299 


m 


Fig.  G.  Syracuse  Suction  Gas-Producer  Shown  in  Section 
Courtesy  of  Syracuse  Industrial  Gas  Company ,  Syracuse ,  New  York 
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which  the  fuel  bed  is  ordinarily  carried.  Above  this  level,  the  sides 
and  top  are  protected  by  a  water  jacket  which  also  serves  as  the 
vaporizer.  The  top  of  the  ash  pit  is  cast  to  form  an  annular  trough 
which  catches  any  overflow  from  the  wall  jacket  and  serves  as  a 
supplementary  vaporizer.  This  vaporizer  also  serves  to  improve 
the  quality  of  the  gas  when  starting  the  producer.  Ordinarily, 


Fig.  7.  Section  of  Crossley  New  Type  Patent  Suction  Gas  Plant 
Courtesy  of  Crossley  Gas  Engine  Company,  Manchester,  England 


when  a  producer  is  started  up,  it  is  blown  until  the  quality  of  gas 
generated  is  good,  and  the  engine  is  then  started.  The  rate  of 
gasification  in  blowing  up  is  much  lower  than  in  normal  operation. 
When  the  engine  is  started,  the  pull  on  the  fire  is  much  increased, 
the  conditions  in  the  producer  have  not  had  time  to  become  stable, 
and  the  quality  of  the  gas  drops  for  a  short  time  and  then  gradually 


301 


18 


GAS-PRODUCERS 


builds  up  as  the  producer  approaches  normal  operating  condition. 
After  a  stand-by  the  vaporizer  at  the  top  is  cool  while  the  ash  pit  is 
hot,  so  that  with  this  supplementary  vaporizer  the  entering  air  will 
carry  sufficient  steam,  upon  starting  up,  until  the  top  vaporizer  is 
heated  up.  No  blast  pipe  and  hood  are  used  in  this  case,  the  distri¬ 
bution  being  obtained  by  carrying  the  fuel  bed  on  an  inverted-cone 
or  a  flat  grate.  The  grate-bar  design  and  spacing  depend  upon  the 
character  of  the  fuel  to  be  gasified.  The  charging  hopper  is 


Fig.  8.  Rotating  Charging  Valve  of  Crossley  Suction  Gas-Rroducer 


sealed  at  the  bottom  by  a  rotating  metal  slide  and  at  the  top  by  a 
sheet-metal  cover,  the  lower  edges  of  which  are  water-sealed.  This 
cover  is  so  made  that  it  cannot  be  removed  until  the  lower  valve  is 
absolutely  closed.  The  purge  valve  is  water-sealed  and  at  the  same 
time  water-cooled,  and  is  located  at  the  top  of  the  scrubber,  which 
takes  the  place  of  the  downcomer  in  the  previous  producer. 

Crossley  Suction  Type.  The  English  gas-producer  shown  in 
Fig.  7  has  a  vaporizer  entirely  separate  from  the  generator,  which 
permits  the  use  of  an  open-hearth  type  of  stepped  grate  and  conse- 
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quentlv  permits  the  con¬ 
dition  of  the  fire  to  be 
examined  without  open¬ 
ing  any  fire  door  or  in 
any  way  altering  the  con¬ 
ditions  of  operation.  The 
plates  composing  the 
stepped  grate  are  so  dis¬ 
posed  as  to  be  outside 
the  angle  of  repose  of 
the  fuel,  which  insures 
that  none  of  the  fuel  will 
fall  from  the  grate.  Be¬ 
low  the  bottom  plate  the 
fuel  rests  on  its  own  bed 
of  ashes.  Clinker,  which 
has  been  poked  down 
through  the  holes  F  F  in 
the  top  plate,  can  be  re¬ 
moved  at  the  step  grates. 
A  small  stream  of  water 
delivered  onto  the  top 
grate  plate  overflows  on¬ 
to  the  lower  grate  plates 
and  keeps  them  cool  at 
the  same  time  that  it 
supplies  steam  for  gas 
making.  The  rotating 
charging  valve  is  shown 
in  Fig.  8;  it  insures  that 
no  air  gets  into  the  gen¬ 
erator  as  a  result  of  feed¬ 
ing  fresh  coal.  In  the 
vaporizer  shown  in  Fig.  9, 
the  water  passes  in  suc¬ 
cession  down  the  inner 
and  up  the  ribbed  outer 
tubes  from  right  to  left 


Fig.  9:  Section  of  Crossley  Vaporizer  and  Auto¬ 
matic  Water  Supply  Device 
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Fig.  10.  Pintsch  Suction  Gas-Producer— Typical  for  50-Horsepower  Plants  and  Larger 
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and  goes  out,  finally,  as  superheated  steam.  The  water  supply  is 
regulated  by  the  automatic  device  shown,  which  is  operated  by  the 
suction  at  the  generator;  no  water  can  flow  wThen  the  engine  is  not 
working  and  the  amount  of  water  going  to  the  vaporizer  increases 
with  the  suction. 

Pintsch  Suction  Type.  The  producers  shown  in  Figs.  10  and  11 
are  of  a  different  type  of  construction.  Referring  to  Fig.  10,  for 
larger-sized  installations,  A  is  the  hand-blower.  B  is  the  ash 


Fig.  11.  Pintsch  Suction  Gas-Producer  for  40-Horsepower  Plants  and  Smaller 
Courtesy  of  Seager  Engine  Works,  Lansing,  Michigan 


chamber  with  water  seal  C.  D  is  the  body  of  the  producer  with 
charging  hopper  E.  F  is  a  tubular  vaporizer  above  which  is  the 
vent  pipe  G.  II  is  a  settling  chamber.  The  air  for  the  producer  is 
drawn  through  F ,  in  that  way  absorbing  the  steam  formed  in  the 
vaporizer,  and  is  then  taken  to  the  ash  chamber  by  means  of  a  pipe 
not  shown  in  the  illustration.  I  is  an  ordinary  tower  scrubber  filled 
with  coke  and  supplied  at  the  top  with  a  spray  of  water.  J  is  a 
purifier;  the  two  shelves  are  filled  with  shavings,  sawdust,  or  some 
similar  material;  as  the  gas  passes  through  this,  some  of  the  impuri¬ 
ties  are  filtered  out.  K  is  an  automatic  regulator;  it  consists  essen¬ 
tially  of  a  tank  of  water  containing  the  bell  L,  which  is  supported  by 
the  spring  M.  The  object  of  the  device  is  to  make  the  actual  time 
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of  drawing  gas  away  from  the  producer  of  longer  duration  than  the 
time  occupied  by  the  gas-engine  piston  in  charging  the  engine  cylin¬ 


der  with  gas.  The  operation  is  as  follows:  When  the  gas-engine 
piston  draws  gas  to  fill  the  cylinder,  about  half  will  be  drawn  from 
the  chamber  K;  as  a  result,  the  exterior  atmospheric  pressure  will 
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Fig.  12.  Cross  Section  of  Otto  Suction  Gas-Producer 
Courtesy  of  Otto  Gas  Engine  Works,  Philadelphia,  Pennsylvania 
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cause  L  to  move  down  and  compress  the  spring  M.  Just  as  soon 
as  the  engine  stops  drawing  gas,  the  spring  M  will  draw  L  back  to 
its  original  position,  and  the  gas  required  to  fill  K  will  be  drawn 
from  the  producer.  In  this  way  the  process  of  gasification  is  carried 
on  after  the  engine  piston  has  filled  the  engine  cylinder. 

The  producer  shown  in  Fig.  11,  for  smaller  powers,  is  similar  to 
the  above  with  the  exception  that  the  vaporizer  is  an  internal-ring 
vaporizer  instead  of  an  external  apparatus. 


Otto  Suction  Type.  The  cross-sectional  view,  Fig.  12:,  of  a  small 
suction  producer  with  a  fixed  grate  is  self-explanatory. 

Large  Producers  with  Suction  Furnished  by  Power=Driven 
Exhauster.  If  bituminous  coal  is  used  in  a  gas-producer,  heavy 
condensible  vapors  are  distilled  off.  These,  unless  they  are  decom¬ 
posed  and  converted  thereby  into  permanent  gases,  will  condense  in 
the  form  of  tar  as  soon  as  they  arrive  at  a  cool  place.  The  hydro¬ 
carbons  have  great  heating  value;  and  if  they  are  not  utilized  in  the 
producer,  the  efficiency  of  the  plant  is  lowered.  They  are,  however, 
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a  source  of  considerable  trouble  and  annoyance.  The  tar  must  be 
separated  from  the  scrubber  water  before  this  water  can  be  per¬ 
mitted  to  go  into  a  sewer;  and  if  the  condensation  and  separation  of 
the  tar  are  not  complete,  it  will  cause  trouble  in  the  engine  by  deposit¬ 
ing  on  the  valves. 

Many  gas-producers  are  designed  for  dealing  with  bituminous 
coal  in  such  way  as  to  decompose  and  partly  burn  the  hydrocarbon 
vapors  and  convert  them  into  permanent  gases.  This  can  be  accom¬ 
plished  either  by  an  underfeed  or  by  a  down-draft  producer. 

Capitaine  Underfeed.  The  Capitaine  underfeed  suction  gas- 
producer  is  shown  in  Fig.  13.  The  coal  is  introduced  at  A  and  is 
then  fed  over  to  the  center  of  the  producer  by  spiral  conveyor  B, 
which  delivers  the  coal  to  the  vertical  spiral  conveyor  C;  this,  in 
turn,  screws  the  coal  up  into  the  center  of  the  fuel  bed.  The  ashes 
are  worked  out  through  grates  D,  while  the  gas  is  withdrawn  at  E. 
The  primary  object  of  this  design  of  gas-producer  is  to  introduce  the 
fuel  in  such  a  manner  as  to  secure  a  slow  agitation  of  the  fuel  bed 
and  also  compel  the  volatile  products  of  the  green  fuel  to  pass  up 
and  through  the  mass  of  superimposed  incandescent  fuel;  in  this 
way  the  volatile  matter  will  be  converted  into  fixed  gases.  By 
comparison  with  Fig.  2  it  will  be  seen  that  the  distillation  zone  is 
under  the  fuel  bed  in  Fig.  13. 

Loomis- Pettibone  Bituminous  Type.  In  the  producer  or  gener¬ 
ator  shown  in  Fig.  14  the  draft  travels  in  the  reverse  direction  from 
that  in  any  of  the  producers  so  far  shown,  i.e.,  a  down-draft  producer. 
The  fuel  bed  in  the  producer  A  is  supported  on  a  series  of  interlock¬ 
ing  fire-brick  arches,  which  serve  the  purpose  of  a  grate.  Above  and 
below  this  grate  are  located  cleaning  and  ash-pit  doors,  which  are 
made  of  cast  iron  lined  with  fire  brick.  At  the  top  of  the  producer, 
at  the  center  of  the  cross  section,  is  located  a  cast-steel  water-cooled 
air-inlet  nozzle  provided  with  a  cast-iron  connection  to  the  top  of 
the  economizer  B,  and  provided,  also,  with  a  swinging  door  to 
enable  inspection  of  the  fire.  The  annular  space  between  the  air- 
inlet  nozzle  and  the  fire-brick  lining  forms  a  fuel  reservoir,  which, 
since  the  draft  is  down,  is  simply  provided  with  single  doors  for  the 
introduction  of  fresh  fuel.  Any  leak  of  air  into  the  producer  while 
the  charging  doors  are  open  will  simply  take  the  place  of  air  which 
otherwise  would  come  from  the  nozzle,  and  the  quality  of  the  gas 
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Fig.  14.  Loomis-Pettibone  Suction  Gas-Producer  for  Bituminous  Coal 


Fig.  15.  Sectional  View  of  Westinghouse  Double- Zone  Suction  Gas-Producer, 
Showing  Fire  Zones 

Courtesy  of  Westinghouse  Machine  Company,  Pittsburgh,  Pennsylvania 
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will  be  affected  only  from  the  fact  that  no  steam  is  admitted  in  the 
air  that  leaks  through  the  open  doors.  The  gases  distill  gradually 
out  of  the  coal  as  it  descends  and  is  slowly  heated.  These  gases 
pass  through  the  whole  depth  of  the  fire,  and  are  thereby  heated  to 
such  temperature  as  partly  to  burn,  and  partly  to  decompose,  the 
tar  vapors.  A  fire-brick-lined  connection  at  the  base  of  the  producer 
leads  to  the  economizer,  or  combined  vaporizer  and  air  pre-heater. 
The  economizer,  shown  at  B,  is  of  the  vertical  return-tubular  type, 
in  which  the  hot  gases  pass  from  the  base  upward  through  a  large 
central  wrought-iron  tube,  the  upper  end  of  which  is  attached  to  a 
flanged  diaphragm.  Near  the  outer  edge  of  this  diaphragm  is  fitted 
a  nest  of  return  flues  of  relatively  smaller  diameter,  to  conduct 
the  hot  gases  downward  to  the  outlet  casting  at  the  base  leading  to 
the  wet  scrubber.  The  central  wrought-iron  tube  in  the  economizer 
is  fitted  near  its  upper  end  with  a  small  basin  from  which  the  water, 
fed  in  automatically  proportioned  quantities  by  the  vacuum  bell 
mechanism  or  water  regulator  shown  at  G,  flows  down  over  the 
central  tube,  the  function  of  which  is  that  of  a  flash  boiler.  The 
cool  air,  entering  the  base  of  the  economizer  shell  and  passing  up 
around  the  tubes,  carries  along  with  it  this  evaporated  water  and 
enters  the  top  of  the  producer  in  a  highly  heated  condition.  The 
suction  in  the  scrubber  and  vaporizer  is  produced  by  the  cycloidal 
impeller-type  exhauster  D,  which  forces  the  gas  from  there  into  the 
gas  holder  F,  from  whence  it  flows  to  the  engine  as  it  is  needed. 

Westing  house  Double-Zone  Suction  Type.  Another  method  of 
converting  the  hydrocarbons  is  to  gasify  bituminous  coal  in  a  double¬ 
zone  producer,  an  example  of  which  is  shown  in  Fig.  15.  This  pro¬ 
ducer  is  in  reality  composed  of  two  producers — a  down-draft  pro¬ 
ducer  mounted  on  top  of  an  up-draft  producer,  with  the  gas  taken 
off  at  the  junction  of  the  two.  Coal  is  charged  at  the  top  through  a 
suitable  opening  in  the  water-cooled  cover  plate.  Through  this 
same  plate  air  is  admitted  and  drawn  through  the  fuel  by  the  suction 
at  the  gas  offtake.  The  amount  of  air  supplied  is  insufficient  to 
support  complete  combustion,  but  enough  to  cause  coking,  and  the 
heat  of  this  process  distills  the  hydrocarbons  from  the  green  coal. 
As  these  pass  through  the  coking  zone,  they  are  broken  down  into 
the  more  stable  methane,  or  marsh  gas,  and  carbon.  Before  the 
fuel  reaches  the  level  of  the  offtake,  the  available  oxygen  has  been 
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Fig.  16.  Cross  Section  of  Loomis-Pettibone  Gas  Generating  System 
Courtesy  of  Power  and  Mining  Machinery  Company,  Milwaukee,  Wisconsin 
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consumed  so  that  complete  combustion  is  impossible.  In  the 
middle  of  the  producer,  there  is,  therefore,  a  body  of  unburned  coke. 
As  this  passes  farther  downward,  it  reaches  a  zone  to  which  air  is 
supplied  from  below  through  a  tuyere  and  the  coke  is  then  gasified 
as  in  any  up-draft  producer.  As  the  air  passes  upward  through  the 
lower  part  of  this  zone,  complete  combustion  takes  place,  resulting 
in  carbon  dioxide  C02,  but  as  this  gas  rises,  it  unites  with  the  carbon 
of  the  hot  coke  and  forms  carbon  monoxide,  CO.  As  the  carbon 
monoxide  is  formed,  it  passes  to  the  offtake  where  it  mingles  with 
the  gases  descending  from  the  upper  fire  zone.  The  ash  resulting 
from  the  combustion  of  the  coke  passes  through  the  open  bottom  of 
the  producer  shell  into  the  water-sealed  ash  pit. 

Large  suction  producers  in  which  the  suction  is  furnished  by 
an  exhauster  are  also  built  for  the  gasification  of  anthracite. 

Loomis- Pettibone  Intermittent  Type.  The  producer  shown  in 
Fig.  10  is  designed  to  handle  bituminous  coal  and  is  of  the  inter¬ 
mittent  type.  In  normal  operation  the  draft  is  downward  and 
producer  gas  is  made.  Because  of  the  character  of  tlx;  fuel  and  the 
incandescent  zone  necessary  to  fix  the  hydrocarbons,  clinker  is  very 
readily  formed  during  this  period  until  it  becomes  so  bad  as  to  inter¬ 
fere  with  the  draft.  The  air  is  then  shut  off  from  the  producers  and 
they  are  blown  with  a  steam  jet,  no  air  being  admitted.  This  pro¬ 
duces  pure  water  gas  and  is  continued  until  tlx;  fin;  is  chilled  off  and 
the  clinker  broken  up  into  small  particles  and  thus  the  resistance  to 
the  draft  is  reduced.  With  a  fresh  fire  the  producer-gas  runs  can 
be  of  long  duration  and  the  water-gas  runs  of  very  short  duration, 
but  the  longer  the  producer  is  run  without  cleaning  out  entirely, 
the  shorter  are  the  producer-gas  runs  and  the  longer  the  water-gas 
runs.  The  condition  of  the  fire  may  get  so  bad  as  to  allow  producer- 
gas  runs  of  only  ten  or  fifteen  minutes  and  requiring  water-gas  runs 
.  of  as  much  as  a  minute  or  two,  whereas,  with  a  dean  fire,  tlx;  pro¬ 
ducer-gas  runs  can  lx;  made  as  long  as  several  hours  and  the  water- 
gas  runs  seldom  exceed  thirty  seconds.  In  normal  operation  f pro¬ 
ducer-gas  run)  the  exhauster  creates  a  downward  draft  in  both 
generator  1 ,  shown  in  elevation,  and  in  2,  shown  in  section,  with 
the  top  doors  //  and  /,  and  valves  A,  H,  0,  and  D  open.  When 
the  producers  are  being  blown  up  to  start,  valve  I),  leading  to 
the  holder,  is  closed  and  valve  C,  to  the  purge  pipe,  is  opened.  As 
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soon  as  the  fires  are  thoroughly  kindled,  and  during  all  producer-gas 
runs,  steam  is  admitted  to  the  tops  of  the  generators  by  means  of 
the  pipes  F  and  E,  and  is  mixed  with  the  air  drawn  through  the 
open  top  doors.  The  resulting  producer  gas  is  drawn  down  through 
the  grates  and  ash  pits  of  generators  1  and  #,  and  passes  up  through 
the  vertical  boiler,  which  acts  as  an  economizer  by  abstracting  some 
of  the  sensible  heat  in  the  gas  and  generating  steam  with  it  to  be 
returned  to  the  producer.  The  steam  is  mixed  with  air  during  the 
producer-gas  run,  and  is  used  for  blastingthe  fires  during  the  water-gas 
run.  After  leaving  the  boiler  the  gas  is  drawn  under  suction 
through  the  wet  scrubber,  or  tower  washer,  passes  through  the  exhaust¬ 
er,  is  forced  through  the  dry  scrubber  under  pressure,  and  from 
there  to  the  gas  holder,  from  whence  it  is  drawn  as  needed.  When 
a  water-gas  run  is  to  be  made,  the  top  doors  Ii  and  I  and  valve  IS 
are  closed,  and  steam  is  blown  up  through  the  fire  in  generator  g 
by  admitting  it  to  the  ash  pit  by  means  of  the  pipe  J.  The  resulting 
water  gas  and  steam  is  blown  to  the  top  of  generator  2,  from  there 
across  to  the  top  of  1  by  the  brick-lined  connecting  gas  pipe,  down 
through  the  fire  in  generator  1,  and  out  through  valve  A  into  the 
vertical  boiler  as  in  normal  operation.  In  alternate  water-gas.  runs 
the  valve  A  is  closed,  valve  B  remains  open,  and  steam  is  intro¬ 
duced  into  the  ash  pit  of  generator  1  by  means  of  pipe  K.  The  gas 
holder  is  of  sufficient  capacity  to  mix  the  producer  and  water  gas,  so 
that  the  resulting  mixed  gas  is  never  of  a  higher  heat  value  than 
can  be  handled  by  the  engine,  and  to  insure  that  a  charge  of  pure 
water  gas  cannot  be  drawn  by  the  engine. 

The  principal  difficulty  with  this  type  of  producer  is  the  fact 
that  it  is  not  capable  of  continuous  operation,  as  it  must  be  shut 
down  and  the  ash  and  fuel  bed  entirely  drawn  at  intervals  of  about 
six  days.  Because  of  the  high  heat  in  the  fueL  bed  and  the  high  ash 
content  of  the  fuel  ordinarily  used,  this  is  a  very  arduous  task. 
This  type  of  producer  is  used  for  both  power  and  fuel-gas  purposes, 
firing  furnaces  or  kilns. 

PRESSURE  TYPE 

Syracuse  Bituminous  Pressure  Type.  The  producer  shown  in 
Fig.  17  is  designed  to  handle  bituminous  coal  for  fuel-gas  purposes. 
The  charging  hopper  is  so  arranged  that  the  gas  given  off  the 
fresh  fuel  when  fired,  and  which  contains  most  of  the  hydrocarbons, 
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does  not  pass  directly  to  the  burners  but  is  re-circulated  and  enters 
the  fire  with  the  main  supply  of  air  and  steam.  As  the  gas  strikes 
the  incandescent  fuel,  the  hydrocarbons  are  changed  to  a  permanent 
gas  which  will  not  condense  in  and  clog  the  flues.  The  amount  of 


Fig.  17.  Syracuse  Bituminous  Pressure  Gas-Producer 
Courtesy  of  Syracuse  Industrial  Gas  Company,  Syracuse,  New  York 


gas  so  re-circulated  is  regulated  by  means  of  the  valve  shown  at 
the  top  of  the  producer. 

An  additional  advantage  is  that  the  top  of  the  fuel  bed  remains 
even  and  the  heating  value  of  the  gas  does  not  vary  when  coal  is 
fired,  as  occurs  when  the  ordinary  producer  is  used.  A  rotary  grate 
is  also  sometimes  used  in  this  producer. 
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Fig.  18.  Section  of  Morgan  Continuous  Gas-Producer  with  George  Automatic  Feed 
Courtesy  of  Morgan  Construction  Company,  Worcester,  Massachusetts 
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Morgan  Continuous  Type.  A  producer  which  is  largely  used 
for  furnishing  gas  to  continuous-heating  furnaces  for  supplying  hot 


billets  to  rolling  mills,  is  shown  in  Fig.  18.  This  producer  is  also 
used  for  power  purposes.  The  automatic  feed  consists  essentially 
of  a  coal  tank  and  a  revolving  eccentric  chute  which  spreads  the 
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Fig.  20.  Section  of  Standard  Type  of  Hughes  Producer 
Courtesy  of  W ellman-Seaver-M organ  Company,  Cleveland,  Ohio 

Crossley  Pressure  Type.  The  English  pressure  bituminous  gas 
plant  shown  in  Fig.  19  includes  among  its  special  features,  a 


coal  out  over  the  surface  of  the  fuel  as  shown  in  the  illustration. 
The  steam  blower  is  placed  in  a  horizontal  position  as  shown. 
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Starling  Point 
OfPt 


Fig.  21.  Horizontal  Section  of  Hughes  Producer 
Showing  Path  Taken  by  Water-Cooled  Poker, tDue 
to  Combined  Motions  of  Poker  and  Producer 


revolving  table  or  blast  hood,  a  dust  catcher,  a  cascade  or  baffle 
washer,  a  rotary  tar  extractor,  a  coke  scrubber,  and  a  wood-wool  filter. 

Hughes  Pressure 
Type.  The  producer 
shown  in  Fig.  20  has  a 
revolving  brick-lined 
shell  with  water  seals  at 
the  top  and  bottom  in¬ 
closing  the  coal  to  be 
gasified,  an  ash  support 
attached  to  and  revolv¬ 
ing  with  it,  carrying  a 
blower  supplying  steam 
and  air,  and  a  water- 
cooled  top  plate  with  a 
depending  vibrating 
water-cooled  poker. 

In  operation,  the  in¬ 
candescent  zone  of  fuel 
rests  upon  a  bed  of  ashes 
extending  from  the  ash 
pan  to  a  point  ranging 
from  6  inches  to  10  in¬ 
ches  above  the  blower 
hood.  The  incandescent 
zone  is  10  to  30  inches 
deep,  according  to  the 
demand  for  gas  and  the 
consequent  condition  of 
the  fire.  Over  this  the 
green  coal  is  spread  to  a 
depth  of  4  to  8  inches. 

The  water-cooled 
poker,  supported  by  the 
stationary  top  of  the 
producer  and  extending 

through  the  green-coal  Fig.  22.  Section  of  Water-Cooled  Poker 

1  j.1  •  i  ii  „  Couttesy  of  W ellman-Seaver-M organ  Company, 

zone  and  partly  into  the  Cleveland,  Ohio 
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incandescent  zone,  moves  in  an  arc  between  the  center  of  the 
producer  and  a  point  within  a  few  inches  of  the  shell  lining.  As 
the  poker  swings  backward  and  forward,  the  producer  shell  slowly 
revolves  so  that  the  path  in  the  fuel  taken  by  the  poker  forms 
a  series  of  ellipses,  as  shown  in  Fig.  21.  By  this  means  the  bed 


of  the  fuel  is  maintained  at  a  constant  level  and  the  formation  of 
holes  is  prevented.  A  sectional  view  of  the  water-cooled  poker  is 
given  in  Fig.  22. 

Hilger  Pressure  Type.  The  producer  shown  in  Figs.  23  to  27 
is  one  which  has  been  very  successful  in  Europe  for  steel-mill  pur¬ 
poses  and  is  just  being  introduced  into  this  country.  The  grate 
proper  consists  of  two  parts;  the  lower  part  forms  the  ash  pan  and 


Fig.  23.  Vertical  Section  through  Hilger  Gas-Producer 
Courtesy  of  The  Gas  Machinery  Company ,  Cleveland ,  Ohio 
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supports  the  upper  part,  a  star-shaped  distributing  hood,  shown  in 
Figs.  23  and  24,  through  which  the  air  and  steam  are  introduced  to 
the  fuel  bed.  The  ash  pan  with  the  distributing  hood  is  first  rotated 
in  one  direction  for  a  desired  distance  and  then  back  again  for  a 
somewhat  smaller  distance;  this  reversal  produces  an  oscillating 
motion,  and  causes  the  fuel  bed  to  be  constantly  agitated  without 
discharging  more  than  the  desired  amount  of  ashes.  The  constant 


Fig.  24.  Horizontal  Section  through  Hilger  Gas-Producer 
Courtesy  of  The  Gas  Machinery  Company,  Cleveland,  Ohio 


agitation  prevents  the  formation  of  large  clinker  and  black  spots, 
at  the  same  time  keeping  the  fire  open  for  the  proper  introduction 
and  distribution  of  the  air  and  steam.  The  mechanism  for  actuating 
the  rotating  grate  is  shown  in  Fig.  25.  The  grate  is  oscillated  by  a 
worm  gear,  driven  by  an  eccentric  rod  through  a  counterweighted 
dog  which  flaps  over  by  the  motion  of  the  lever.  The  ashes  are 
automatically  discharged  by  a  scraper  as  shown  in  Fig.  26.  The 
fuel-charging  hopper  and  method  of  distribution  are  shown  in  Fig. 
27.  When  the  valve  is  open  only  a  little  way,  the  fuel  is  thrown 
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toward  the  center  of  the  producer.  By  opening  the  valve  wide,  the 
fuel  clears  the  side  angles  and  is  thrown  to  the  sides  of  the  P«xluc(^ 
Chapman  Rotary  Type.  The  producer  shown  m  ligs.  28 
and  29  has  the  grate  fixed  (a  water-sealed  ash  pit  supporting  the 
fuel  bed),  and  the  producer  shell  is  in  two  parts  rotating  at  different 


Fig.  25.  View  of  Installation  of  Twenty  Hilger  Gas-Producers  at  Kolpino,  Russia 
Courtesy  of  The  Gas  Machinery  Company,  Cleveland,  Ohio 

speeds,  the  upper  part  moving  faster  than  the  lower.  The  top  of 
the  producer  is  stationary  and  supported  on  three  columns;  it  is  in 
the  form  of  a  water  tray  to  keep  the  top  of  the  producer  cool,  and 
supports  the  charging  hopper,  fuel  chamber,  and  gas  outlet.  The 
revolving  sections  are  supported  by  rollers,  mounted  in  pairs  on 
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equalizing  yokes,  the  side  thrust  being  taken  by  separate  rollers,  also 
mounted  in  pairs  on  equalizing  yokes.  The  upper  revolving  section 
is  brick-lined  and  is  sealed  at  the  top  by  a  water  tray  formed  in  the 
shell  into  which  projects  a  ring  which  is  an  integral  part  of  the  top 
casting.  The  space  between  the  upper  and  lower  revolving  sections 


Fig.  26.  Rotary  Ash  Pan  of  Hilger  Gas-Producer 
Courtesy  of  The  Gas  Machinery  Company,  Cleveland,  Ohio 

is  sealed  in  a  similar  manner.  The  lower  revolving  section  is  water- 
jacketed  and  is  sealed  at  the  bottom  by  the  water-sealed  ash  pit. 
The  upper  and  lower  sections  are  revolved  continuously  in  the  same 
direction,  but  at  different  speeds,  by  means  of  gears.  This  causes 
the  upper  portion  of  the  fire  bed  to  revolve  over  the  lower,  thus  pro- 
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(hieing  a  shearing  action  which  prevents  the  formation  of  holes  in 
the  fire.  The  charging  hopper  discharges  into  a  stationary  fuel 
chamber,  the  bottom  of  which  is  water-cooled,  and  as  the  producer 


NO 


Fig.  27.  Fuel-Charging  Hopper  of  Kilger  Gas-Producer 
Courtesy  of  The  Gas  Machinery  Company,  Cleveland,  Ohio 
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Fig.  28.  Chapman  Rotary  Gas-Producer 
Courtesy  of  Chapman  Engineering  Company,  Mount  Vernon,  Ohio 
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shell  revolves,  the  rounded  tip  of  this  fuel  chamber  spreads  and 
packs  down  the  top  of  the  fuel  bed..  Any  inequalities  or  holes  in. 
the  top  of  the  fuel  bed  are  filled  by  gravity  by  the  coal  contained  in 
the  fuel  chamber. 

The  inside  wall  of  the  lower  revolving  section  and  the  outer 
edge  of  the  blast  hood  are  corrugated  and,  since  the  blast  hood  is 


Fig.  29.  Lower  Portion  of  Chapman  Gas-Producer,  Showing  Ash  Ejector  in  Operation 
Courtesy  of  Chapman  Engineering  Company,  Mount  Vernon,  Ohio 


stationary,  serve  to  crush  the  large  clinkers  and  ash.  The  ashes, 
after  being  crushed,  are  forced  up  to  the  surface  of  the  ash  pan  by 
three  blades,  or  plows,  attached  to  the  lower  revolving  section.  As 
fast  as  the  ashes  come  to  the  surface  of  the  pan,  they  are  picked  up 
by  the  ash  scoops  which  are  also  attached  to  the  lower  revolving 
section,  and  carried  to  the  point  from  which  they  are  automatically 
swept  into  an  ash  pit  or  car,  as  the  case  may  be,  as  in  Fig.  29. 
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The  blast  is  produced  by  a  five-stage  steam-jet  blower  which, 
.  together  with  the  method  of  regulation,  is  shown  in  Fig.  30.  This 
producer  is  made  only  in  one  size  (10  feet  inside  diameter)  and 
requires  from  1 J  to  2J  horsepower  to  operate,  although  5  horsepower 
is  sometimes  required  to  start. 

Blue  Water=Gas  Generator.  The  producer  shown  in  Fig.  31 
is  an  intermittent  blue  water-gas  generator.  The  gas  plant  con¬ 
sists  of  a  generator,  lined  with  fire  brick,  and 
having  gas  connections  at  top  and  bottom,  lead¬ 
ing  into  a  vertical  main.  This  main  terminates 
at  the  top  in  a  stack,  and  at  the  bottom  is  con¬ 
nected  to  the  scrubber.  Between  the  generator 
and  this  vertical  main  are  located  the  special 
gas  control  valves,  which  are  arranged  to  operate 
from  the  charging  platform.  Near  the  bottom 
of  the  generator  is  located  a  blower  connection, 
fitted  with  a  quick-opening  valve,  arranged  to 
operate  from  the  charging  platform.  The  blower 
operates  on  high  pressure  and  furnishes  an  excess 
volume  of  air,  thus  shortening  the  time  of  blast 
and  decreasing  the  losses.  Steam  connections 
are  made  below  the  ash  pit,  and  above  the  fire 
line,  by  means  of  diverging  expansion  nozzles, 
fitted  with  steam  separators  and  traps,  thus 
allowing  of  thorough  drying  of  the  steam  before 
it  comes  into  contact  with  the  hot  fuel  bed,  re¬ 
sulting  in  a  gain  in  efficiency. 

Fire  is  kindled  in  the  generator  in  the  usual 
manner,  with  wood  or  other  combustible  material, 
and  a  layer  of  fuel  is  then  charged  in,  and  ignited. 
The  blower  valve  is  then  opened,  the  upper  gas 
Manu/ac t^nTcompany,  valve  and  stack  valve  being  open,  and,  with  the 
Philadelphia,  Pa.  charging  door  closed,  the  ignited  material  in  the 
generator  is  blasted  to  an  incandescent  condition.  The  blower  is 
now  shut  off,  and  the  stack  valve  closed.  The  steam  is  admitted, 
passes  up  through  the  bed  of  hot  fuel,  and  out  at  the  top  as  water 
gas,  going  over  through  the  top  connection  into  the  vertical  main, 
and  down  into  the  bottom  of  the  wet  scrubber. 


Fig.  30.  Steam -Jet 
Blower 
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In  a  short  time,  the  fire  becomes  so  cool  that  no  more  gas  is 
produced,  whereupon  the  stack  damper  is  opened,  and  the  air  blast 
is  again  turned  into  the  ash  pit  and  the  fire  brought  to  incandescence. 
Then  the  blast  valve,  top  connection,  and  stack  valve  are  closed 
and  steam  is  admitted  above  the  fuel  bed,  through  the  upper  con¬ 
nection,  and  comes  out  at  the  bottom  as  water  gas,  passes  into  the 


Fig.  31.  Cross-Section  of  Blue  Water-Gas  Generator 
Courtesy  of  Power  and  Mining  Machinery  Company,  Milwaukee,  Wisconsin 


vertical  main,  and  so  through  the  scrubbers  to  the  holder.  The 
object  of  this  reversal  of  steam  flow  is  to  hold  the  fire  at  the  bottom 
of  the  bed  of  fuel. 

From  time  to  time,  between  intervals  of  gas-making,  fuel  is 
charged  through  the  charging  door  at  the  top  of  generator. 

*  BALANCED=DRAFT  TYPE 

Both  Suction  and  Pressure  Used.  Any  pressure  producer  can 
be  operated  as  a  balanced-draft  producer  by  installing  an  exhauster, 
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or  exhaust  fan,  between  the  scrubber  and  gas  holder— or  engine,  if 
no  holder  is  used.  Some  types  of  the  large  suction  producers  could 
also  be  adapted  to  this  principle  by  the  installation  of  a  pressure 
blower  at  the  air  inlet  to  the  producer.  Up  to  the  present  time  the 
pressure  type  of  producer  fitted  with  a  blast  hood  for  the  distribution 
of  the  air  and  steam  blast  is  the  only  one  to  which  this  principle 
has  been  applied. 

SPECIAL  TYPES 

By=Product  Gas=Producers.  General  Characteristics  of  Methods. 
All  by-product  processes  differ  in  detail  only.  They  all  are  based  on 
the  same  fundamental  points;  namely,  a  cooling  of  the  gas  after  it 
leaves  the  producer,  washing,  and  treatment  with  some  reagent  to 
precipitate  the  by-product. 

Ammonium  sulphate  is  about  the  only  by-product  that  has 
enough  commercial  value  to  justify  the  additional  expense  required 
to  save  it,  and  its  principal  use  is  that  of  a  fertilizer  for  certain  soils. 
The  sulphate  of  ammonia  is  formed  from  the  ammonia  in  the  gas. 
Nearly  all  coal  contains  some  nitrogen,  usually  about  1.5  per  cent. 
From  one-tenth  to  two-tenths  of  the  nitrogen  in  the  coal  will  go 
into  the  gas  in  the  form  of  ammonia.  By  the  use  of  an  excessive 
amount  of  steam  the  yield  of  ammonia  may  be  increased  very  much. 

The  gas-producer  is  usually  of  the  pressure  type  and  generally 
very  little  different  from  other  producers.  The  by-product  features 
are  introduced  after  the  gas  leaves  the  producer  proper.  The 
scrubbing  system  must  always  be  large  and  complicated;  the  by¬ 
product  system  is  not  adapted  for  small  plants,  and  the  additional 
first  cost  of  the  apparatus  necessitates  a  large  outlay  of  money.  The 
operating  expenses  will  also  be  higher  on  account  of  the  salary  of  a 
skilled  chemist  required  to  handle  the  plant,  reagents  for  the  process 
and  laboratory,  and  the  necessity  of  advertising  the  by-product.  To 
make  the  plant  a  profitable  investment,  the  revenue  from  the  by¬ 
product  must  be  a  considerable  amount. 

Mond  System.  The  Mond  by-product  system  is  the  only  one 
that  has  been  used  to  any  extent  in  this  country,  and  it  will  now  be 
described  and  illustrated.  A  diagrammatic  section  is  shown  in  Fig. 
32;  and  Fig.  33  shows  the  producer,  regenerator,  and  gas  washer. 
Referring  to  Fig.  32,  A  is  the  producer  with  water-sealed  ash  pan  B. 
C  is  the  air  regenerator;  the  hot  gas  from  the  producer  is  passed 
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Fig.  32.  Diagrammatic  Section  of  Mond  By-Product  Gas-Producer 
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Fig.  33.  Producer,  Regenerator,  and  Gas  Washer  of  Mond  By-Product  Plant 

D  the  gas  goes  to  the  bottom  of  the  acid  tower  F.  This  tower  is 
filled  with  checkerwork,  and  diluted  sulphuric  acid  is  introduced  at 
top  by  the  pipe  G.  As  the  gas  goes  upward,  it  is  brought  into  inti¬ 
mate  contact  with  the  acid  and  this  acts  on  the  small  percentage  of 
ammonia  in  the  gas,  forming  ammonium  sulphate.  This  sulphate 
of  ammonia  solution  collects  at  the  bottom  of  F  and  then  drains  to 


through  this  and  serves  to  pre-heat  the  incoming  air,  which  passes 
through  the  outer  compartment  of  the  regenerator.  D  is  a  mechan¬ 
ical  gas  washer.  A  few  inches  of  water  are  in  the  bottom,  and  as  the 
gas  passes  through,  the  rotating  paddles,  or  dashers,  E  throw  the 
water  upward  and  secure  a  thorough  mixture  of  the  gas  and  water. 
In  this  way  a  large  number  of  the  impurities  are  washed  out.  From 
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the  tank  I  by  means  of  pipe  H.  J  is  a  circulating  pump  which  takes 
the  liquor  from  I  and  delivers  it  to  the  top  of  F  by  pipe  G.  The 
liquor  is  circulated  in  this  way  until  it  reaches  a  certain  degree  of 
saturation;  then  some  of  it  is  by-passed  out  of  the  system  by  pipe 

K,  and  a  corresponding  amount  of  fresh  acid  added  to  the  tank  I. 
The  concentrated  ammonium  sulphate  solution  is  then  evaporated 
and  the  sulphate  reduced  to  a  solid  crystalline  state.  From  the  top 
of  tower  F  the  gas  goes  to  the  bottom  of  the  cooling  tower  M  by  pipe 

L ,  and  then  goes  up  and  out  through  pipe  N.  0  is  a  pipe  delivering 
cold  water  to  the  top  of  M.  As  this  water  trickles  down  through  M 
it  becomes  heated  by  absorbing  the  heat  from  the  ascending  gas. 
The  hot  water  from  the  bottom  of  M  is  withdrawn  by  pipe  P  and 
double  circulating  pump  Q,  and  then  delivered  to  the  top  of  the 
air-heating  tower  S.  U  is  an  air  blower  that  furnishes  the  air  to 
the  producer  A.  V  is  a  pipe  connecting  U  with  the  bottom  of  S. 
As  the  cold  air  goes  up  through  S,  it  becomes  heated  and  saturated 
by  the  hot  water  from  R.  From  the  top  of  S  the  air  goes  to  the 
regenerator  C  by  means  of  pipe  W.  The  cold  water  collecting  at 
the  bottom  of  S  is  withdrawn  by  pipe  T  and  the  double-circulating 
pump  Q,  and  delivered  to  the  top  of  M.  From  the  description  just 
given  it  will  be  seen  that  the  water  acts  as  a  heat  carrier  between  the 
gas-cooling  tower  M  and  the  air-heating  tower  S. 

PRODUCER  DETAILS 

The  various  methods  of  charging  the  fuel,  sealing  the  charging 
hopper,  top  and  bottom,  to  prevent  the  escape  of  gas  while  filling 
the  hopper  and  charging  the  fuel,  distribution  of  the  blast  by  means 
of  blast  hoods,  and  location  of  gas  outlets,  types  of  grates,  sealing  of 
poke-  and  peek-holes,  etc.,  have  been  shown  in  the  preceding  illus¬ 
trations. 

Fire=Brick  Lining.  The  design  and  usual  method  of  installa¬ 
tion  of  the  fire-brick  lining  is  shown  in  Fig.  34.  A  space  of  about 
an  inch  is  left  between  the  inside  of  the  shell  and  the  outside  of  the 
fire  brick  and  is  filled  with  some  elastic,  fire-resisting  material  in 
order  to  allow  for  the  unequal  expansion  of  the  fire-brick  lining  and 
the  producer  shell  and  to  prevent  the  leakage  of  air  from  the  ash 
pit  to  the  top  of  the  fuel  bed  through  the  space  in  back  of  the  bricks. 
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FIsbeslos  Pulp  Mixed  With  Fire  Clay 
1  ffsbeslos  Rope  Placed  on  Bottom  and  Sides  of 
/ B  voporalor  and  Sealed  with  a  FI ixlure  of 
fisbesloo  Pulp  and  Fire  Clay. 


Regulation  of  Steam  Supply.  Any  gas-producer  to  be  operated 
efficiently  must  be  supplied  with  the  proper  amount  of  steam,  ancf 
furthermore  no  more  steam  must  be  delivered  to  the  producer 
than  it  is  able  to  decompose.  If  an  excessive  amount  of  steam  is 
used,  it  will  pass  through  the  fire  without  being  decomposed,  will 
chill  the  fire,  and  add  water  vapor  to  the  gas.  In  some  cases  the 
chilling  effect  may  be  enough  to  stop  the  process  of  gasification. 

If  not  enough  steam  is  used,  the  fire  will  become  hotter  and  the 
producer  efficiency  will  be  reduced.  In  a  power  gas-producer 

the  quantity  of  gas  made 
should  vary  with  the  load 
on  the  engine.  As  the 
latter  may  vary  in  some  - 
cases  from  engine  friction 
up  to  full  load,  it  is  evi-  ' 
dent  that  the  rate  of  gasi¬ 
fication  must  also  vary 
through  a  large  range.  As 
a  result  of  the  conditions 
just  mentioned,  extreme 
care  will  be  necessary  ; 
in  proportioning  the 
amount  of  steam  delivered 
to  the  producer  to  the 
amount  of  gas  made  there¬ 
in.  Several  devices  in¬ 
tended  to  accomplish  this 
regulation  are  illustrated 
and  described  below.  There  are  two  types  of  such  apparatus. 
In  the  first  type,  the  amount  of  steam  delivered  to  the  producer  is 
regulated  by  the  varying  pressure  or  suction  on  the  producer.  In 
the  second  type,  advantage  is  taken  of  the  fact  that  the  best  results 
in  the  producer  are  obtained  when  the  amount  of  steam  delivered 
to  the  producer  is  that  which  the  air  blast  will  take  up  when  heated 
to  the  neighborhood  of  150  degrees  F.  Consequently,  the  air  blast 
is  kept  heated  to  that  temperature  by  means  of  a  thermostat. 

Sviith  Suction  Regulator.  The  regulator  shown  in  Fig.  35  is  of 
the  first  type  and  is  applied  to  suction  producers  of  both  types, 


Fig.  34.  Typical  Section  Showing  Fire-Brick 
Lining  for  Gas-Producer 
Courtesy  of  Otto  Gas  Engine  Works, 
Philadelphia,  Pennsylvania 
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although  lately  suction  producers  of  large  size  of  this  make,  in  which 
the  suction  is  furnished  by  an  exhauster,  have  been  fitted  with  ther¬ 
mostatic  regulation  in  place  of  this  type  of  regulator.  This  figure 
also  shows  the  heater  for  vaporizing  the  water  and  superheating  the 
resulting  steam  and  pre-heating  the  air  by  utilizing  the  waste  heat  in 
gas-engine  exhaust  gases.  A  is  the  inlet  for  the  exhaust  gases  while 
B  is  the  interior  of  the  heater.  C  is  a  thin,  flat  disk,  around  which 
the  exhaust  gases  circulate  and  through  which  the  air  and  steam 


pass.  D  is  a  shaft  upon  which  the  weighing  vessel  E  is  pivotally 
supported.  F  is  a  rod  connecting  E  with  the  vane  G.  The  air  inlet 
is  curved  with  its  center  at  D.  J  is  a  screw  for  adjusting  the  amount 
of  water  going  through  the  orifice  I.  K  is  the  water  inlet  pipe,  and 
is  controlled  by  a  valve.  If  more  water  is  delivered  to  E  than 
can  pass  out  through  7,  the  excess  is  drained  to  M  by  an  opening 
not  shown  in  the  figure  and  then  passes  out  through  the  drain  N. 
0  is  a  counterweight  to  keep  E  poised  in  the  position  shown  in  the 
illustration.  The  operation  is  as  follows: 
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When  the  engine  draws  gas  from  the  producer,  outside  air  will 
rush  in  through  the  air  inlet  to  replace  the  gas  removed.  As  it  goes 
in  past  G  it  will  cause  this  vane  to  be  deflected  and  take  the  position 
indicated  by  the  dotted  lines;  at  the  same  time,  E  will  be  moved  a 
corresponding  amount  and  water  will  pass  out  of  I  and  go  down  to 
the  vaporizer  below.  When  the  sucking  action  of  the  gas  engine 
ceases,  the  flow  of  air  in  H  will  cease  and  the  counterweight  will  (swing 
E  and  G  back  to  their  normal  position;  just 
as  soon  as  I  comes  back  to  this  position  the 
flow  of  water  will  stop.  The  water  falling 
down  on  the  hot  disks  C  is  converted  into 
steam  and  swept  on  through  by  the  move¬ 
ment  of  the  incoming  air.  In  this  passage 
the  air  becomes  pre-heated  and  the  steam 
superheated.  At  the  next  charging  stroke  of 
the  engine  the  same  cycle  will  be  repeated. 
The  amount  of  water  delivered  each  time 
may  be  adjusted  by  means  of  the  screw  J. 

Syracuse  Regulator.  The  regulator  shown 
in  Fig.  36  supplies  water  to  the  vaporizer  in 
proportion  to  the  load  on  the  engine.  There 
are  no  moving  parts  to  get  out  of  order  or 
adjustment.  Pipe  B  supplies  water  and  pipe 
A  carries  off  the  excess  not  taken  by  the 
regulator.  Pipe  C  is  connected  to  the  en- 

Fig'  3waterCReguktoracuse  Sine  gas-supply  pipe  and  pipe  D  leads  to 

Courtesy  of  Syracuse  Industrial  the  producer. 

Gas  Company,  Syracuse,  * 

New  York  When  the  engine  is  idle,  the  water  stands 

at  M  but  when  the  engine  is  drawing  gas  it  rises,  due  to  the  suc¬ 
tion,  to  some  point  0.  The  water  runs  out  of  the  slot  shown  and 
through  pipe  D  to  the  producer.  The  amount  of  this  water  is  pro¬ 
portional  to  the  load  on  the  engine. 

The  regulator  shown  in  Fig.  9  is  of  the  same  general  type  as 
that  in  Fig.  36. 

Fairbanks-Morse  Pressure  Regulator.  Fig.  37  is  a  diagrammatic 
view  of  a  regulator  in  which  A  F  is  a  glass  U-shaped  tube  having  a 
branch  at  B.  C  is  a  tank  containing  water  maintained  at  a  constant, 
predetermined  level.  D  is  a  glass  tube  having  its  lower  end  ground 
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off  at  a  more  or  less  acute  angle  and  the  opening  thus  formed  is  sub¬ 
merged  just  below  the  surface  of  the  mercury  contained  in  the  lower 
part  of  the  U-tube.  The  leg  F  at  E  of  the  U-tube  is  connected  with 
the  gas  main.  The  operation 
is  as  follows :  As  the  pressure 
of  gas  in  the  main  varies,  due 
to  varying  demand  for  gas, 
so  will  the  relative  levels  of 
the  mercury  change,  i.e.,  as 
the  demand  for  gas  increases, 
the  mercury  will  rise  in  the 
leg  F  of  the  U-tube  and  de¬ 
scend  in  the  other  leg,  uncov¬ 
ering  more  of  the  angular  end 
of  the  tube  D  and  thus  in¬ 
creasing  the  area  of  the  open¬ 
ing  and  allowing  more  water 
to  flow  from  the  tank  C  to  B 
where  it  falls  into  the  cup  G 
and  runs  to  the  vaporizer. 

The  apparatus  is  mounted 
in  a  cast-iron  box  with  a  glass 
front,  so  that  it  is  protected 
against  breakage  or  from  any  interference,  but  is  at  all  times  visible. 

Smith  Thermostatic  Regulator.  A  thermostatic  regulator  is 
shown  in  Fig.  38..  In  this  the  thermostat  A  is  placed  in  the  air  inlet 


Fig.  37.  Cross-Section  Showing  Principle  of 
Operation  of  Automatic  Water  Regulator  for 
Fairbanks-Morse  Suction  Gas-Producer 
Courtesy  of  Fairbanks,  Morse ,  and  Company, 
Chicago,  Illinois 


to  the  producer  and  consists  of  two  copper  balls  connected  by  a 
drawn-copper  tube.  This  thermostat  swings  on  knife-edges  C 
formed  on  the  rod  B  which  supports  the  thermostat  through  the 
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bracket  D  The  bracket  is  also  provided  with  an  arm  on  which  is 
counterweight  E.  The  b* «  ^  “ 
with  glycerine.  The  remaining  space  in  one  of  the  balls,  o  P 

the  glycerine  is  filled  with  ether.  The  thermostat  is  balanced  on 

the  knife-edges  at  atmospheric  pressure  by  means  of :  the >  counter- 
weight  E.  As  the  temperature  of  the  air  passing  t  e  ®™os 
increases  ether  is  vaporized,  displacing  the  glycerine  in  that  ball 
and  driving  it  into  the  other,  thus  upsetting  the  balance  of  t  e 
thermostat.  The  decrease  in  the  amount  of  water  is  obtained  y 
a  funnel  F  attached  to  the  knife-edge  rod  B,  receiving  water  through 

the  valve  G.  Underneath  the  funnel  is  placed  a  box  H  which  is ^divided 

into  two  compartments  by  a  knife-edged  partition  L  The  13 
so  located  that  the  partition  is  directly  underneath  the  funnel  when 
the  thermostat  is  balanced.  From  one  of  the  conipartment^^ 
pipe  J  leads  to  the  vaporizer  and  from  the  other  a  pipe 
water  seal  or  waste  pipe.  By  means  of  this  apparatus  the  water  is 
diverted  from  the  vaporizer  into  the  waste  pipe  as  the  air  is  heated, 
until,  when  the  air  is  too  hot,  all  the  water  is  sent  to  waste  As  the 
amount  of  water  going  to  the  vaporizer  diminishes,  the  air  become 
less  heated  in  the  vaporizer.  By  means  of  the  hand  valve  G  and 
counterweight  E,  the  thermostat  can  be  set  to  maintain  a  constant 
temperature  of  inlet  air  to  the  producer  throughout  the  range  of 
loa'd  of  the  plant,  and  by  means  of  the  valve  G  the  constant  tempera¬ 
ture  may  be  varied  to  a  considerable  extent. 

GAS-CLEANING 


Producer  gas,  in  addition  to  containing  condensible  constitu¬ 
ents  as  shown  in  Table  I,  generally  carries  fine  dust  with  it. 
Gas-cleaning  is  used  synonymously  with  gas-scrubbing  and  gas¬ 
washing  and  means  either  the  removal  of  foreign  constituents  from 
the  gas,  or  the  removal  of  certain  elements  of  the  gas  composition 
that  are  undesirable  for  certain  uses  of  the  gas.  Water  is  nearly 
always  used  in  gas-cleaning  processes.  The  object  in  cleaning  any 
particular  gas  is  simply  to  prepare  it  for  some  special  kind  of 
work.  No  general  rules  can  be  laid  down  for  the  constituents 
that  must  be  removed  or  the  degree  of  purity  required.  The  pri¬ 
mary  requisite  is  that  the  gas  shall  be  adapted  to  its  specific  work. 
The  highest  degree  of  purity  is  required  for  engine  work;  at  the 
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same  time  the  additional  cost  of  cleaning  the  gas  up  to  that  point 
might  prohibit  its  use  for  heating  a  furnace  where  some  impurities 
would  not  have  a  detrimental  effect. 

Gases  may  be  cleaned  by  means  of  deflectors,  static  scrubbers, 
filters,  and  mechanical  scrubbers. 

Deflectors.  The  deflector  consists  of  an  obstruction  placed 
across  the  path  of  moving  gas,  and  causes  a  sudden  change  of  direc¬ 
tion  of  flow.  This  has  a  tendency  to  precipitate  the  fine  dust  or 
water  globules  carried  in  suspension.  It  is  very  similar  to  the 
steam  separator  used  in  steam  pipes  to  separate  the  water  from  the 
steam. 

Static  or  Tower  Scrubbers.  Static  or  tower  scrubbers  are  those 
in  which  the  cleaning  is  done  by  water  in  a  tower.  This  class  of 
gas-cleaning  apparatus  is  divided  into  the  following  types:  bubbling; 
impinging;  hurdle;  rain;  and  baffle. 

Bubbling  Scrubbers.  Bubbling  scrubbers  are  those  in  which  the 
gas  is  forced  down  into  a  seal  of  water  and  then  bubbles  up  through 
the  water.  Impinging  scrubbers  are  those  in  which  the  gas  strikes 
the  surface  of  a  water  seal  at  right  angles  to  the  direction  of  flow  of 
the  gas  at  high  velocity  and  is  taken  off  in  the  opposite  direction. 
These  two  types  of  scrubbers  are  little  used. 

Hurdle  Scrubbers.  Hurdle  scrubbers  are  those  in  which  the  gas 
is  introduced  at  the  bottom,  and  water  sprayed  into  the  top,, of  a 
tower  which  is  filled  with  coke  or  layers  of  wood  slats,  alternate 
layers  of  slats  being  at  right  angles  to  each  other.  The  object  of 
this  is  to  break  up  the  water  spray  and  to  bring  the  gas  into  more 
intimate  contact  with  the  water.  The  scrubbers  shown  in  Figs. 
5,  10,  11,  12,  14,  16,  and  32  are  of  this  type  and  need  no  further 
explanation. 

Rain  Scrubbers.  Rain  scrubbers  are  those  in  which  no  hurdles 
or  coke  are  used.  The  gas  is  introduced  at  the  bottom  of  the  tower 
and  in  its  passage  to  the  top  is  thoroughly  washed  by  a  fine  mist  of 
descending  water.  The  water  is  broken  up  into  a  mist  in  various 
ways  such  as  spraying  by  means  of  nozzles,  breaking  the  water  up  by 
means  of  revolving  screens,  etc. 

Baffle  Scrubbers.  Baffle  scrubbers  are  small  tower  scrubbers  in 
which  the  water  is  caused  to  flow  from  baffle  to  baffle  in  a  thin  film. 
In  this  way  the  gas  is  forced  to  follow  a  zigzag  course  through  film 
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after  film  of  water  and  cannot  channel  and  escape  unwashed.  Baffle 
scrubbers  are  shown  in  Figs.  6  and  19. 

Mechanical  Scrubbers.  The  removal  of  tar  from  gas  is  one  of 
the  hardest  problems  in  connection  with  gas  cleaning.  The  use  of  a 
tar-laden  gas  in  gas  engines  will  quickly  gum  the  valves  and  necessi¬ 
tate  stopping  the  producer  and  engine.  This  is  the  reason  why  so 
many  gas-producers  for  power  purposes  are  using  anthracite  coal. 
This  particular  fuel,  producing  a  gas  practically  free  from  tar,  makes 
the  problem  of  gas-cleaning  an  easy  matter.  However,  there  are 
many  cases  where  the  high  cost  of  anthracite  coal  prohibits  its  use 
for  producer  gas  for  power  purposes.  In  some  places  the  cost  of 
anthracite  coal  is  four  times  the  cost  of  bituminous  coal,  and,  since 
a  pound  of  the  latter  will  make  on  the  average  as  much  producer  gas 
as  a  pound  of  the  former,  there  would  evidently  be  a  decided  advan¬ 
tage  in  using  bituminous  coal  in  a  producer-gas  power  plant.  The 
problem  of  the  use  of  bituminous  coal  for  such  work  is  simply  the 
problem  of  eliminating  the  tar.  This  may  be  done  by  the  separa¬ 
tion  of  the  tar  from  the  gas  or  the  use  of  a  device  that  will  prevent 
the  formation  of  the  tar. 

Tar.  Tar  is  one  of  the  products  of  the  destructive  distillation  of 
coal  and  it  is  a  very  complex  substance,  made  up  of  about  two  hun¬ 
dred  compounds,  some  of  them  so  complex  and  hard  to  isolate  that 
very  little  is  known  about  them.  The  exact  composition  will  depend 
on  a  large  number  of  factors,  the  most  important  of  which  is  the 
temperature  at  which  it  is  formed.  Coal  tar  has  a  specific  gravity 
of  about  1.15,  a  black  color,  and  a  very  marked  and  disagreeable 
odor.  It  condenses  easily  and  if  brought  into  intimate  contact 
with  incandescent  carbon  it  may  be  converted  into  fixed  gases.  The 
fact  just  mentioned  forms  the  basis  of  all  tar-destruction  methods; 
that  is,  where  the  tar  is  broken  up  in  the  producer. 

The  separation  of  the  tar  from  the  gas  may  be  accomplished  by 
an  extensive  tower  scrubber  or  by  the  use  of  some  form  of  centrifugal 
apparatus  which  will  drive  the  tar  out  of  the  gas  by  centrifugal  force. 
The  latter  method  can  be  made  fairly  effective,  but  the  former  is 
adapted  only  for  gas  containing  small  amounts  of  tar.  On  the  other 
hand,  the  centrifugal  method  requires  close  watching,  and,  in  some 
cases,  considerable  power  to  run  the  apparatus;  neither  method  is  as 
satisfactory  as  the  complete  destruction  of  the  tar  in  the  producer; 
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if  this  is  accomplished,  the  inevitable  lampblack,  formed  by  the 
process,  introduces  cleaning  complications  of  its  own. 

Centrifugal  Tar  Extractors.  Centrifugal  tar  extractors  consist 
essentially  of  a  disk,  on  either  side  of  which  is  located  a  fan,  running 
in  a  casing  into  which  a  spray  of  water  is  introduced.  This  spray 
forms  a  seal  at  the  circumference  of  the  casing  which  seals  off  one 
side  of  the  disk  from  the  other.  The  cleaning  action  is  secured  by 
combination  of  the  cleaning  effect  of  the  mist  wetting  down  and 
enveloping  small  particles  of  impurities,  and  centrifugal  force  throw¬ 
ing  the  impurities  into  the  seal  from  which  they  are  washed  into  a 
pit  through  a  dust  leg  in  the  bottom  of  the  casing.  The  bubbling  of 
the  gas  through  the  seal  also  has  a  cleaning  effect. 

Theisen  Washer.  The  Theisen  gas  washer  is  described  on  page 
129,  Gas  and  Oil  Engines,  Part  II. 

Disintegrator  Washer.  A  type  of  mechanical  washer  more 
efficient  than  either  of  the  previous  two  is  the  disintegrator  washer. 
With  this  apparatus,  less  power  and  water  are  required  and  the  gas 
is  cleaned  to  a  greater  degree  of  fineness.  This  apparatus  consists 
of  a  series  of  cages  of  rods,  blades,  or  vanes,  the  alternate  cages 
rotating  in  opposite  directions.  The  gas  is  introduced  at  the  cir¬ 
cumference  and  is  taken  off  at  the  center  of  the  casing.  The  water 
is  sprayed  into  the  center  of  the  revolving  cages  and  is  thrown 
from  cage  to  cage  towards  the  circumference  of  the  casing,  and, 
being  thrown  from  a  cage  rotating  in  one  direction  on  to  a  cage 
rapidly  rotating  in  the  opposite  direction,  is  broken  up  into  an 
exceedingly  fine  mist  which  is  distributed  throughout  the  casing  so 
that  every  particle  of  the  gas  is  washed. 

Every  type  of  gas-cleaning  apparatus  in  which  water  is  used  as 
the  cleaning  agent  serves  also  to  cool  the  hot  gases.  Tower  washers 
employ  more  water  in  proportion  to  the  amount  of  gas  cleaned,  and 
are  therefore  more  effective  as  coolers  than  mechanical  washers. 

Smith  Spun=Glass  Tar  Extractor  and  Gas  Cleaner.  The 
apparatus  shown  in  Fig.  39  is  a  recent  development  in  gas-cleaning. 
With  this  type  of  apparatus  the  standard  anthracite  producer  is 
used  with  bituminous  coal  and  no  attempt  is  made  to  fix  the  resulting 
tar.  The  raw  gas,  on  leaving  the  producer,  is  first  cooled  to  a  point 
where  tar  vapors  are  condensed,  by  being  passed  through  a  primary 
cooler  or  condenser,  from  which  the  gas  is  carried  into  a  rotary  gas 
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pump  or  exhauster  B  which  delivers  it  under  pressure  into  the  main 
C>  It  is  then  delivered  through  a  porous  diaphragm  of  spun  glass 
E  into  the  engine  main  F  where  a  sump  or  separator  G  is  provided 
in  which  the  tar  accumulates.  The  diaphragm  must  be  sufficiently 
porous  to  permit  the  gas  and  tar  to  pass  freely  and  is  in  the  form  of 
a  uniform  layer  of  glass  wool  retained  between  two  metal  screens. 
Ordinarily,  the  thickness  is  about  one-quarter  of  an  inch  and  the 
diameter  must  be  adjusted  in  accordance  with  the  quantity  of  gas 
to  be  treated — ordinarily  four  hundred  cubic  feet  per  hour  can  be 


Fig.  39.  Section  of  Smith  Tar  Extractor  and  Gas  Cleaner 
From  Transactions  of  American  Society  of  Mechanical  Engineers 


handled  per  square  inch  of  diaphragm  area.  No  tar  is  retained  in 
the  diaphragm,  both  tar  and  gas  being  discharged  together,  but  in 
passing  through,  an  important  change  in  the  physical  state  of  the 
tar  occurs.  On  the  entering  side,  the  tar  exists  in  the  form  of  a 
large  number  of  minute  particles,  known  as  tar  fog,  while  in  passing 
the  diaphragm  these  particles  are  caused  to  coalesce  so  that  on  the 
discharge  side  the  tar  particles  are  of  relatively  large  dimensions — 
so  large,  in  fact,  that  they  can  no  longer  be  carried  forward  in  the 
gas  current  and  immediately  separate  out  by  gravity  and  drain  into 
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the  sump.  It  appears  to  be  possible  to  secure  any  desired  degree 
of  gas-cleanness  simply  by  regulating  the  velocity  of  flow  through 
the  diaphragm,  i.e.,  the  pressure  maintained  across  the  diaphragm. 
In  ordinary  commercial  operation,  it  is  found  that  a  difference  in 
pressure  of  from  2.5  to  4  pounds  per  square  inch  will  clean  the  gas 
to  such  an  extent  that  no  discoloration  will  be  produced  on  a  white 
filter  paper  through  which  30  cubic  feet  of  gas  has  been  passed. 

This  is  not  a  filtration  process,  since,  for  the  best  separation  by 
filtration,  the  velocity  must  be  low  and  the  material  separated  out 
remains  in  the  filter.  No  water  is  used  in  connection  with  this 
process  except  that  required  to  cool  the  gas,  and  as  a  consequence 
there  is  no  formation  of  tar  emulsion — therefore  the  tar  separated  is 
practically  water-free  (less  than  1  per  cent)  and  may  easily  be 
burned.  The  gas  must  be  cooled  only  sufficiently  to  completely 
condense  the  tar  vapors,  since  any  further  cooling  will  increase  the 
viscosity  of  the  tar  and  consequently  the  resistance  through  the 
diaphragm — which  must  be  a  minimum.  This  process  is  not  well 
adapted  for  use  on  gas  containing  large  quantities  of  lampblack  or 
from  coals  yielding  a  very  heavy,  viscous  tar.  It  has,  however,  been 
used  with  great  success  with  Ohio,  Illinois,  and  Indiana  high-volatile 
coals,  and  with  lignite. 

The  theory  of  the  operation  of  this  extractor  is  not  definitely 
known,  but  it  is  supposed  that  it  is  the  result  of  some  electrical  action 
caused  by  the  impact  and  fluid  friction  against  the  glass  wool. 

This  apparatus  has  also  been  used  with  marked  success  for 
cleaning  gas  made  from  anthracite  coal,  giving  a  much  cleaner  gas 
with  a  lower  water  consumption  than  can  be  obtained  by  other 
methods. 

PRODUCER=GAS  PLANTS 

Comparison  between  Producer  Gas  and  Steam.  The  high 
fuel  and  water  economy  of  the  producer-gas  power  plant  is  one  of  its 
strongest  advantages  over  the  steam-power  plant.  The  results  of 
the  comparative  tests  on  a  producer  plant  of  about  200  electrical 
horsepower,  and  on  a  steam  plant  with  a  boiler  of  about  200  boiler 
horsepower  and  non-condensing  engine,  made  at  the  United  States 
Geological  Survey  Coal  Testing  Plant,  are  given  in  Table  III.  It 
should  be  noted,  however,  that  a  condensing  steam  engine  would 
have  used  30  to  40  per  cent  less  coal  than  the  non-condensing  engine. 
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TABLE  III 

U.  S.  Government  Comparative  Test  of  Steam  and  Producer  Plants 


Name  of  Coal 

Water 
Evaporated 
from  and  at 
212°  F. 

Total  Dry  Coal  per 
Electrical  H.  P.  per  Hour  * 

per  pound 
Dry  Coal 
Steam  Plant 

Steam  Plant 

Gas-Producer 

Plant 

Alabama  No.  2  . 

8.55 

4.08 

1.64 

Colorado  N^-  1  . 

7.21 

4.84 

1.71 

Illinois  No  3  . 

8.04 

4.34 

1 .79  f 

Illinois  No.  4  . 

7.27 

4.80 

1.76f 

Indiana  No.  1 . 

8.45 

4.13 

1.93f 

Indiana  No.  2 . 

8.02 

4.35 

1.55f 

Indian  Territory  No.  1 . 

8.64 

4.04 

1.83 

Kentucky  No.  3 . 

8.27 

4.22 

1.99f 

Missouri  No.  2 . 

7.08 

4.93 

1.71  f 

West  Virginia  No.  1 . 

8.95 

3.90 

1.57 

West  Virginia  No.  4 . 

9.65 

3.62 

1.29 

West  Virginia  No.  9 . 

10.09 

3.46 

1.59 

West  Virginia  No.  12 . 

9.90 

3.53 

1.50f 

Wyoming  No.  2 . 

5.92 

5.90 

2.07 

*  In  gas-producer  plants,  this  includes  the  coal  consumed  in  the  producer  and  the  coal 
equivalent  of  the  steam  used  in  operating  the  producer, 
t  Gas-producer  hopper  leaked  during  these  tests. 


There  is  little  difference  in  the  coal  or  water  consumption 
between  large  and  small  producer-gas  plants.  This  is  due  to  the  fact 
that  small  gas  engines  may  have  practically  the  same  thermal  effi¬ 
ciency  as  large  ones.  The  small  producer-gas  power  plant  can  be 
operated  nearly  as  cheaply  as  a  large  plant,  so  that  it  is  not  necessary 
to  use  large  units  in  order  to  get  economical  results.  In  many  cases 
where  the  load  fluctuation  is  large,  much  better  results  will  be 
obtained  by  installing,  say,  four  500-horsepower  gas-engine  units  in 
place  of  one  2000-horsepower  unit.  Even  a  small  producer-gas  plant  is 
more  economical  of  fuel  and  water  than  a  large  steam  plant.  The 
economy  of  water  of  the  producer-gas  plant  over  the  steam  plant  in 
cases  where  water  is  scarce  or  impure,  so  as  to  make  it  undesirable 
for  boiler  use,  is  of  the  greatest  importance.  The  gas-producer  does 
not  'make  any  smoke,  so  that  the  producer-gas  power  plant  offers  a 
solution  for  the  smoke  problem. 

The  labor  in  a  producer-gas  plant  will  generally  be  about  the 
same  as  that  in  a  similar  steam  plant,  and  it  is  easier  to  install  me¬ 
chanical  appliances  for  handling  the  fuel  in  a  gas  plant  than  in  a  steam 
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plant.  The  producer  may  be  started  after  standing-by,  in  about 
twenty  minutes,  and  can  be  stopped  instantly. 

The  first  cost  and  cost  of  repairs  will  be  about  the  same  in 
producer-gas  as  in  steam  plants.  Gas  engines  cost  slightly  more  per 
horsepower  than  steam  engines,  but  the  cost  of  the  smokestack  is 
eliminated.  In  small  producer-gas  plants  the  cost  is  about  one-fifth 
higher  than  in  steam  plants. 

In  steam  and  producer-gas  plants  the  steam  and  producer 
gas  simply  act  as  carriers  of  thermal  energy.  The  cooling  of  the 
steam  will  lower,  and  may  entirely  destroy,  its  thermal  energy,  while 
the  cooling  of  the  gas  will  simply  decrease  its  volume  and  increase 
the  thermal  energy  carried  per  cubic  foot.  This  last  statement 
refers  to  calorific  power,  only;  since  the  sensible  heat  of  the  gas  is  of 
no  use  in  the  gas  engine,  the  temperature  of  the  gas  as  it  leaves  the 
producer  should  be  very  low.  In  other  words,  with  producer  gas 
the  thermal  energy  carried  by  the  gas  for  the  gas  engine  will  not  be 
lowered  if  the  gas  is  cooled.  This  fact  makes  it  possible  to  put  in 
central  producer-gas  plants  with  long  pipe  lines  to  distribute  the  gas 
to  isolated  engines.  It  is  consequently  possible  to  build  a  large 
producer-gas  plant  at  the  coal  mines  and,  in  place  of  shipping  the 
coal  to  the  various  places  of  consumption,  to  pipe  the  gas  to  those 
places. 

The  use  of  a  gas-holder  for  storing  the  gas  has  marked  advan¬ 
tages  in  certain  cases.  By  this  means,  irregularities  in  the  load  may 
be  taken  care  of  without  any  difficulty.  In  some  industries  it  may 
be  desirable  to  have  a  small  amount  of  gaseous  fuel  for  heating 
furnaces — forges,  for  example — and  in  such  cases  the  gas  may  be 
taken  from  the  same  holder  that  supplies  the  engine. 

Fig.  40  shows  a  typical  producer-gas  power  plant.  The  holder 
is  frequently  placed  farther  away  from  the  producer  than  shown  in 
the  illustration;  in  fact,  it  may  be  placed  on  any  area  that  is  avail¬ 
able,  regardless  of  immediate  proximity  to  the  producer. 

Growth  of  Industry.  The  charts  of  Fig.  41  show  the  increase 
in  the  use  of  producer-gas  power  in  the  United  States  in  the  decade 
1900-1911,  both  in  number  of  plants  and  in  the  horsepower  installed. 

In  March,  1912,  there  were  between  950  and  1000  producer-gas 
power  plants  in  the  United  States,  ranging  in  size  from  fifteen  horse¬ 
power  to  several  thousand  horsepower.  Statistical  data  from  these 
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Fig.  40.  Plan  and  Elevation  of  1500- Horsepower  Pressure  Producer 
Plant  for  Bituminous  Coal 

Courtesy  of  R.  D.  Wood  and  Company,  Philadelphia,  Pennsylvania 
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Fig.  41.  Installations  and  Horsepower  of  Producer-Gas  Plants  in  the  United  States  1900  to  1911 
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TABLE  IV 

Summarized  Data  Relative  to  Producer=Gas  Power  Plants  in  the  United 
States,  March,  1912 


Fuel 

Number 
of  Plants 

Horsepower 

Per¬ 
centage 
of  Total 
Num¬ 
ber 

Per¬ 
centage 
of  Total 
Horse¬ 
power 

Total 

Average 

Mini¬ 

mum 

Maximum 

s 

05 

<N 

05 

Percentage 

Increase 

8 

05 

(N 

05 

,  Percentage 

|  Increase 

8 

05 

<N 

05 

s 

05 

<N 

05 

8 

05 

<N 

05 

8 

05 

H 

05 

8 

05 

<N 

05 

Anthracite  coal: 
Over  500  h.  p. 
500  h.  p.  or  less 

Bituminous  coal: 
Over  500  h.  p. 
500  h.  p.  or  less 

Lignite: 

Over  500  h.  p. 
500  h.  pf.  or  less 

Wood: 

Over  500  h.  p. 
500  h.  p.  or  less 

Oil: 

Over  500  h.  p. 
500  h.  p.  or  less 

Total . 

8 

407 

29 

581 

263 

43 

7,550 

40,550 

25,825 

63,645 

242 

57 

950 

100 

890 

110 

600 

15 

520 

15 

1,500 

500 

1,800 

500 

415 

610 

47 

48,100 

89,470 

86 

116 

146 

15 

15 

1,500 

1,800 

88 

84.5 

43 

47.8 

20 

17 

40 

37 

100 

118 

49,000 

5,150 

76,890 

9,725 

57 

89 

2,450 

300 

1,920 

262 

750 

35 

600 

25 

6,000 

500 

9,000 

500 

37 

77 

108 

54,150 

86,615 

60 

1,460 

1,120 

35 

25 

6,000 

9,000 

8 

10.7 

49 

46.3 

3 

19 

3 

29 

0 

53 

7,275 

1,725 

7,275 

2,955 

0 

71 

2,430 

90 

2,430 

102 

525 

25 

525 

25 

3,750 

250 

3,750 

350 

22 

32 

45 

9,000 

10,230 

14 

410 

320 

25 

25 

3,750 

3,750 

4 

4.4 

8 

5.4 

0 

0 

1 

.  .  .  . 

0 

0 

500 

500 

500 

500 

0.1 

0.3 

0 

0 

2 

.  .. . . 

0 

0 

325 

163 

100 

225 

0.3 

0.2 

474 

722|  52 

111,250 

187,140 

68 

235 

260 

15  15 

6,000 

9,000 

100 

1Q0 

100 

100 

plants  are  given  in  Table  IV,  which  classifies  them  according  to  their 
size  and  the  kind  of  fuel  used. 

Special  Uses  of  Producer  Gas.  Producer  gas  has  been  used  to  a 
limited  extent  for  firing  steam  boilers,  in  Europe.  It  is  not  very 
good  engineering  practice  and  should  be  used  only  in  cases  where 
steam  is  required  in  the  process  of  manufacture;  as,  for  instance,  in 
steaming  lumber.  It  will  be  much  better  to  eliminate  the  boiler 
entirely  in  other  cases  and  to  use  the  gas  directly  in  a  gas  engine. 
In  general,  no  direct  fuel  economy  will  result  from  first  gasifying  the 
fuel  in  a  gas-producer  and  then  burning  the  resulting  gas  under  a 
steam  boiler. 

Firing  Ceramic  Kilns.  Producer  gas  has  been  used  extensively 
in  Europe  for  firing  ceramic  kilns,  but  until  the  last  few  years 
has  had  a  very  limited  use  for  this  purpose  in  America.  Several 
costly  failures  have  been  made  in  attempting  to  use  it,  but  these 
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have  not  been  the  fault  of  the  system  but  rather  were  due  entirely 
to  the  ignorance  of  the  men  who  have  attempted  to  use  it.  Producer 
gas  has  decided  advantages  for  ceramic  work,  but  great  care  is 
necessary  in  applying  it.  The  best  results  will  be  obtained  in  con¬ 
nection  with  continuous  kilns.  The  use  of  producer  gas  in  kilns 
eliminates  clinkering  in  the  kilns,  induces  more  uniform  burning, 
produces  better  combustion,  makes  it  possible  to  regulate  fire  more 
readily,  secures  a  centralization  of  furnaces,  and  should  result  in 
fuel  economy. 

Firing  Metallurgical  Furnaces.  The  first,  and,  even  today,  the 
largest,  field  for  the  use  of  producer  gas  lies  in  firing  metallurgical 
furnaces.  It  has  been  an  important  factor  in  developing  the  steel 
industry  and  has  become  a  commercially  necessary  adjunct  of  it. 

Producer  Rating.  It  is  customary  to  rate  the  capacity  of  pro¬ 
ducers  in  horsepower,  i.e.,  a  producer  of  a  certain  capacity  will 
supply  an  engine  of  that  capacity  with  gas  continuously,  or  at  least 
over  a  considerable  period  of  time.  To  do  this,  a  certain  weight  of 
fuel  per  square  foot  of  grate  area  must  be  gasified  per  hour.  This 
weight,  and  the  consequent  quantity  of  gas  generated,  will  vary 
greatly  with  the  kind  of  fuel  used,  and  is  at  best  an  uncertain 
quantity. 

In  the  early  stages  of  development  in  this  country,  design 
followed  European  practice  and  brought  about  a  great  deal  of  trouble 
in  meeting  guarantees,  and  in  some  cases  caused  the  entire  failure 
of  the  plant.  This  failure  was  due  to  the  fact  that  European  builders, 
in  making  their  guarantees,  specified  certain  high  grades  of  fuel,  in 
which  the  ash  rarely  exceeded  one  and  one-half  per  cent,  while 
American  coals  contain  a  much  larger  amount  of  easily  fusible  ash. 
There  is  still  a  tendency  to  slightly  overrate  producers,  which  causes 
clinkering  and  other  troubles  if  the  producer  is  forced  to  its  full 
rating  for  any  length  of  time,  although  satisfactory  operation  may 
be  obtained  while  the  plant  is  operating  below  rated  load. 

The  following  rates  of  fuel  consumption  have  been  shown  by 
tests  and  practical  operation  to  be  allowable  for  the  various  fuels: 

Anthracite,  8-10  lb.  as  fired,  per  sq.  ft.  of  grate  surface,  per  hour 
Bituminous,  5-11  lb.  as  fired,  per  sq.  ft.  of  grate  surface,  per  hour 
Sub-bituminous,  7.5-12  lb.  as  fired,  per  sq.  ft.  of  grate  surface,  per  hour 
Lignite,  7-10  lb.  as  fired,  per  sq.  ft.  of  grate  surface,  per  hour 
Peat,  12  lb.  as  fired,  per  sq.  ft.  of  grate  surface,  per  hour 
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TABLE  V 

Heat  Data,  Fuel  Composition,  and  Qas  Analysis  for  Bituminous  Coal 
and  Low=Grade  Fuels 


Bituminous 
Coal 


Number  of  tests  averaged . 

B.t.u.  per  pound . • . 

Cu.  ft.  of  gas  per  pound— yield . 

Pounds  per  sq.  ft.  of  fuel  bed,  per  hour 
B.t.u.  per  cu.  ft.  of  gas — standard. 
Producer  (cold)  efficiency— per  cent .  . 
Pounds  of  tar,  soot,  etc.,  per  ton  of  fuel  . 

Water  not  extracted . 

Water  extracted . 

Composition  of  fuel  (per  cent) . 

Moisture . 

Volatile . 

Fixed  carbon . 

Ash . •  • 

Sulphur  (separately  determined)  . 
Volumetric  analysis  of  gas  (per  cent) 

Carbon  dioxide . 

Oxygen . 

Ethylene . . 

Carbon  monoxide . 

Hydrogen . . 

Methane . 

Nitrogen . 


112 

1*2,370 

61.1 

7.64 

151 

74.6 

354 

287 

6.6 

32.8 

50.6 
10.0 

2.32 

9.71 

0.02 

0.19 

19.03 

13.48 

2.78 

54.79 


Sub- 

bituminous 

Coal 

Lignite 

Peat 

7 

7 

1 

9,910 

7,110 

8,130 

39.3 

27.7 

30.3 

11.02 

13.28 

16.2 

159 

161 

175 

63.1 

62.8 

65.2 

259 

157 

240 

224 

157 

15.0 

35.7 

21.0 

34.3 

29.2 

51.7 

39.4 

27.2 

22.1 

11.3 

7.9 

5.2 

0.90 

1.12 

0.45 

11.16 

9.90 

12.40 

0.12 

0.13 

0.00 

0.20 

0.10 

0.40 

17.52 

20.86 

21.00 

14.41 

14.30 

18.50 

3.64 

2.88 

2.20 

52.95 

51.83 

45.50 

Consumptions  of  lignite  of  more  than  forty  pounds  per  square 
foot  have  been  reported,  but  it  is  unwise  to  choose  so  high  a  figure  as 
this  unless  the  characteristics  and  action  of  the  particular  lignite  to 
be  used  are  very  well  known. 

A  moderate  rate  of  driving  for  all  fuels  is  absolutely  essential 
for  continuous  operation,  since  thereby  clinkering  is  reduced  to  a 
minimum  and,  consequently,  the  producer  can  be  easily  cleaned  in 
operation. 

RESULTS  OF  PRODUCER=PLANT  TESTS 
Producers  for  the  gasification  of  anthracite  coal  have  become 
fairly  well  standardized.  Until  recently,  however,  the  use  of  bitumi¬ 
nous  and  low-grade  fuels  was  attended  by  troubles  of  various  kinds. 
The  progress  that  has  been  made  in  this  direction  points  to  the 
ability  soon  to  use  all  grades  of  bituminous  coal  and  low-grade  fuels 
in  producer  work.  The  following  are  the  summarized  results  from 
the  Government  tests  at  St.  Louis,  Norfolk,  and  Pittsburgh  as  aver¬ 
aged  and  reported  by  R.  H.  Fernald. 
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Gas  Y  ield  of  Coals  of  Different 
Calorific  Values 


Approximate 
Calorific  Value 
B.t.u.  per  Lb.  of 
Dry  Coal 

Coal  Per  Sq.  Ft  .of 
Fuel  Bed  Per  Hour 
(Pounds) 

Gas  Under  Standard  Conditions 

Producer 
Efficiency 
Per  Cent 

Per  Lb.  of  Dry  Fuel 

B.t.u. 
per  Cu.  Ft. 
High  Value 

As  Fired 

Dry 

Calorific 

Value 

B.t.u. 

Yield 

Cu.  Ft. 

15,000 

5.64 

5.50 

13,350 

91.1 

153 

74.7 

14,500 

6.10 

5.92 

12,460 

80.5 

160 

74.2 

14,000 

6.45 

6.22 

10,890 

72.1 

152 

71.9 

13,500 

6.97 

6.54 

10,070 

67.8* 

150 

69.3 

13,000 

7.88 

7.30 

9,360 

61.8 

152 

67.5 

12,500 

8.76 

7.84 

8,770 

58.6 

149 

65.0 

12,000 

8.54 

7.69 

8,780 

59.4 

148 

67.6 

11,500 

10.11 

8.88 

8,010 

54.8 

146 

64.3 

11,000 

11.61 

.10.53 

6,110 

45.9 

133 

52.5 

10,500 

13.26 

11.53 

5,790 

40.9 

135 

50.5 

Standard  Conditions:  62°  F.  and  14.7  lb.  per  sq.  in. 


In  Table  V  all  results  affected  by  the  load  factor  are  given  for 
loads  ranging  only  from  90  to  100  per  cent  of  full  load  and  no  test 
of  less  than  30  hours  is  included  in  the  average.  It  should  be 
noted  that  all  the  results  of  coal  consumption  are  referred  to  the 
weight  of  the  coal  as  fired.  All  heat  values  which  have  been  chosen 
are  higher  values. 

In  Table  VI  is  given  a  classification  of  103  coals  condensed 
into  10  groups,  the  grouping  being  made  according  to  calorific 
value,  each  group  embracing  a  range  of  500  B.t.u.,  the  middle 
figure  of  which  is  assigned  as  the  approximate  calorific  value,  on  a 
dry-coal  basis,  of  the  group.  The  duration  of  the  tests  from  which 
the  results  were  obtained  range  from  29  to  74 J  hours,  with  an 
average  duration  of  48  hours. 

In  Table  VII  are  given  typical  analyses  of  producer  gases  made 
from  the  various  fuels  in  the  up-draft  type  of  producer,  while  in 
Table  VIII  the  same  sort  of  analyses  are  given  for  down-draft 
producers. 

The  quantity  of  gas  obtained  varies  with  the  fuel  used,  with 
the  type  of  producer  plant,  and  with  the  method  of  operation.  In 
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TABLE  Vll 


Up-Draft  Pressure  Producer  Gas 


(Percentages  by  Volume) 


Constituents 

From 

Anthracite 

Coal 

From 

Bituminous 

Coal 

From 

Lignite 

From 

Peat 

Carbon  dioxide . C02 

Oxygen . 02 

Ethylene  ...••••••• 

Carbon  monoxide. .  .CU 

Hydrogen . • -§2 

Methane . 

5.2 

0.4 

22.9 

15.3 

1.0 

55.2 

*  9.84 

0.04 

0.18 

18.28 

12.90 

3.12 

55.64 

10.55 

0.16 

0.17 

18.72 

13.74 

3.44 

53.22 

12.40 

0.00 

0.40 

21.00 

18.50 

2.20 

45.50 

100.0 

. 

100.00 

100.00 

100.00 

Table  IX  is  given  the  average  yield  of  producer  gas  in  cubic  feet 
and  B.t.u.  per  pound  of  fuel,  as  obtained  at  the  government  testing 
plant  at  St.  Louis  (with  the  addition  of  values  for  coke  or  char- 

coal,  and  anthracite).  ,  .  . 

The  results  obtained  from  some  of  the  low-grade  fuels  are  sum¬ 
marized  in  Table  X. 

In  Table  XI  are  given  some  test  results  and  total  plant 
efficiencies  of  gas-producers  supplying  engines,  which  have  been 
previously  reported  on  in  Table  XXIX,  Gas  and  Oil  Engines, 
Part  III. 

TABLE  VIII 


Down=Draft  Producer  Gas 

(Percentages  by  Volume) 


- : - 

From 

From 

From 

Constituents 

Bituminous 

Coal 

Lignite 

Peat 

Carbon  dioxide . 

Oxygen  . 

Ethylene . . 

Carbon  monoxide . 

Hydrogen . 

Methane . 

Nitrogen . 

....CO, 

. 0, 

.  ...C2H4 

. CO 

. H, 

....CH 

. n2 

6.22 

0.13 

0.01 

21.05 

12.01 

0.49 

60.09 

11.87 

0.01 

0.00 

16.01 

14.76 

0.98 

56.37 

10.94 

0.41 

0.06 

16.91 

10.19 

0.66 

60.83 

100.00 

100.00 

100.00 
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TABLE  IX 

Yield  of  Producer  Gas  per  Pound  of  Fuel 


Character 
of  Fuel 

Yield  of  Gas 

Cu.  Ft.  per 

Lb.  of  Fuel 

Higher  Heat 
Value  of  Gas 
B.t.u.  per 

Cu.  Ft. 

Higher  Heat  Value 
of  the  Gas 

B.t.u.  per  Lb.  of  Fuel 

As  Fired 

Dry 

As  Fired 

Dry 

Coke  or  charcoal.. 
Anthracite  coal. . 
Bituminous  coal 
Lignite . 

85 

70 

60 

36 

30 

90 

75 

65 

46 

38 

140 

135 

152 

158 

175 

11,900 

9,450 

9,120 

5,690 

5,250 

12,600 

10,100 

9,880 

7,270 

6,650 

Peat . 

TABLE  X 

Moisture,  Ash,  and  Fuel  Consumption  for  Low-Grade  Fuels 


Character  of  Fuel 

Moisture 

Per  Cent 

Ash 

Per  Cent 

Fuel  Consumed  in 
the  Producer,  Lb. 
as  Fired  per 
B.h.p.  per  Hour 

Bituminous — run-of-mine, 
slack,  bone,  and  washery 

refuse . 

Peat . 

0.47—16.69 

13.88 

19.63—43.74 

27.78 

1.10—3.98 

3.37 

TABLE  XI 

Producer  Test  Results  and  Total  Plant  Efficiency  of  Producers  Supplying 
Gas  for  Engines  Reported  in  Table  XXIX,  Gasand  Oil  Engines,  Part  III 


C*— LOOMIS-PETTIBONE  DOWN-DRAFT  SUCTION 

Fuel  • 

Producer 
Efficiency 
Per  Cent 

Thermal 
Brake 
Efficiency 
Per  Cent 

Plant 

Efficiency 

B.h.p. 

Per  Cent 

Kind 

Lower 

Heat 

Value 

B.t.u.  per  Lb. 

Rate  of  Gasifi¬ 
cation — Lb. 
per  Sq.  Ft.  of 
Fuel  Bed  Area 
per  Hour 

Consumption 
Lb.  per 
B.h.p. 
per  Hour 

Bituminous 

run-of-mine 

13,500 

1.34 

62.2  1 

22.6 

14.1 

E*— LOOMIS-PETTIBONE  DOWN-DRAFT  SUCTION 

Fuel 

Bituminous 

Clearfield 

Average  of  \ 
factor  72.2 

14,320 

3  weeks'  oper; 
%,14  hours  di 

13.36 

ation.  Load 
aily  stand-by 

0.97 

1.23 

1.36 

73.8 

Excluding 

Including 

24.95 

l  coke  for i 
coke  for  r 

18.4 

lew  fires 
iew  fires 

♦Reference  letter,  see  page  259,  Gas  and  Oil  Engines,  JPart  III. 
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CARE  OF  A  GAS=PRODUCER 

Formation  of  Explosive  Mixtures.  All  piping  and  producer 
doors  should  be  kept  tight  so  that  there  may  be  neither  leakage  of 
gas  out  of,  nor  air  into,  the  producer.  When  the  producer  is  stand- 
ing-by,  great  care  should  be  exercised  when  making  any  opening 
into  it,  since,  while  it  may  apparently  have  ceased  making  gas, 
there  may  be  gas  being  generated  and  heat  enough  present  to  cause 
an  explosion  with  the  inrush  of  air  through  the  opening.  The  pro¬ 
ducer  room  should  be  thoroughly  ventilated  at  all  times  to  avoid 
danger  from  gas  poisoning.  In  starting  up  the  producer  after  a 
shutdown  or  stand-by  the  water  should  always  be  turned  on  in  the 
tower  washer  after  blowing  up  the  fire  and  before  throwing  the 
producer  on  to  the  line.  This  is  necessary  because,  during  a  shut¬ 
down,  air  may  seep  into  the  tower  washer,  forming  an  explosive 
mixture  with  the  gas  remaining  there,  which  will  be  ignited  by  the  hot 
gases  from  the  producer  if  they  are  not  cooled  by  the  scrubber  water. 

Proper  Cleaning  of  Fire.  The  fire  should  have  sufficient  coal, 
should  be  clean,  and  a  fire-  or  clinker-arch  should  not  be  permitted 
to  form.  In  cleaning  the  fire,  care  should  be  taken  that  the  ash  is 
removed  from  around  the  walls  by  poking  entirely  around  the  cir¬ 
cumference  of  the  lining.  If  the  ash  next  to  the  walls  is  not  removed 
it  builds  up  until  it  forms  a  ring  which  reaches  nearly  to  the  top  of 
the  fuel  bed  and  offers  less  resistance  to  the  blast  than  the  coal; 
more  air  will  consequently  travel  up  around  the  walls  through  the 
ash,  in  proportion  to  the  cross-sectional  area,  than* through  the  coal. 
The  coal  lying  next  to  the  ash  ring  will  be  rapidly  burned  out  and  the 
air  which  does  not  come  into  contact  with  the  coal  burns  with  the 
gas  on  top  of  the  fire  bed  and  lowers  the  quality  of  the  gas  sent  to 
the  engine.  If  this  is  allowed  to  continue  the  gas  will  soon  become 
too  poor  to  burn. 

Formation  of  Fire=Arch.  A  bar  should  be  run  down  through 
the  center  of  the  fuel  bed  occasionally  to  make  sure  that  a  fire-arch 
is  not  forming.  A  fire-arch  is  caused  by  the  coal  partially  caking 
and  holding  up  the  fuel  bed  above  it,  while  the  ash  below  it  is  raked 
or  falls  through  the  grate.  This  condition  can  be  discovered  by 
running  a  bar  down  through  the  middle,  which  will  meet  with  great 
resistance  while  being  driven  through  the  arch  and  then  for  the 
remainder  of  the  distance  will  meet  with  no  resistance.  If  it  is  dis- 
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covered  in  time  the  arch  can  be  barred  down  and  coal  raked  from 
the  sides  to  fill  up  the  hole  and  the  fire  soon  built  up.  If  it  is  not 
discovered,  the  arch  will  burn  up  until  it  gets  so  thin  that  it  falls  of 
its  own  weight,  the  blast  will  practically  all  blow  through  the  center 
in  which  there  will  be  very  little  fuel  and  the  gas  will  immediately 
become  very  lean,  causing  a  shutdown. 

Formation  of  Clinker.  If  clinker  is  formed  it  must  be  broken 
up  and  barred  down  into  the  ash  bed;  if  it  starts  to  form  and  is  not 
attended  to,  it  may  clinker  entirely  across  the  bed,  shutting  off  the 
blast.  Clinker  also  assists  in  the  formation  of  holes  through  the 
fire  by  lessening  the  resistance  to  the  blast  around  itself.  When 
clinker  is  formed  in  any  but  a  very  thick  fuel  bed,  it  can  be  seen  on 
looking  down  through  a  poke-hole  because  of  the  fact  that  it  is  at 
white  heat.  If  the  clinker  is  located  near  the  wall  it  will  be  built 
up  from  the  wall  and  fused  to  the  brick  and  must  consequently  be 
broken  away  from  the  wall.  The  first  procedure,  therefore,  is  to 
run  the  bar  with  considerable  force  down  at  the  point  of  attachment 
of  the  clinker  to  the  wall  until  the  clinker  is  broken  loose.  It  should 
then  be  broken  up  and  barred  down  into  the  ash  bed. 

Thin  Fuel  Bed.  If  the  producer  is  one  in  which  the  fuel  bed  is 
carried  thin,  it  must  be  watched  carefully  to  see  that  holes  are  not 
burned  through  the  fire.  If  this  tends  to  happen,  coal  from  a 
thicker  part  of  the  bed  must  be  raked  over  the  hole  with  the  bar  and 
then  ash  in  the  hole  should  be  barred  down. 

Red=Hot  Bar.  In  using  the  bar  it  should  not  be  kept  in  the 
fire  more  than  a  few  minutes,  since  it  will  soon  become  red-hot  and, 
if  the  producer  is  operated  under  suction,  when  the  bar  is  pulled  out 
the  explosive  mixture  formed  by  the  air  that  has  leaked  into  the 
poke-hole,  will  be  ignited,  with  possibly  disastrous  results.  The  bar 
should  be  used  for  two  or  three  minutes  and  should  then  be  with¬ 
drawn,  cooled,  and  another  one  substituted. 

Circulation  in  Water  Jackets.  If  any  part  of  the  interior  of 
the  producer  is  cooled  by  a  water  jacket,  great  care  should  be  taken 
that  there  is  no  cessation  in  the  flow  of  the  water.  If  the  flow  is 
stopped  for  any  appreciable  time,  it  should  not  be  started  again 
until  the  producer  is  started  after  being  out  of  action.  If  the  cold 
water  is  allowed  to  strike  the  hot  metal,  which  would  be  heated 
when  the  water  ceased  to  flow,  it  would  crack  the  metal,  would  make 
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a  replacement  of  the  part  necessary,  and  would  wet  the  fuel  bed, 
making  it  difficult  to  make  good  gas  if  the  crack  were  not  discovered 

and  the  water  shut  off.  . 

Gas  Poisoning.  Producer  gas,  on  account  of  the  presence  of 
carbon  monoxide,  is  always  poisonous.  The  carbon  monoxide  has  a 
specific  toxic  effect  on  the  human  system,  and  when  inhaled  enters 
into  direct  combination  with  the  blood.  The  new  compound  formed 
is  incapable  of  carrying  oxygen  to  the  tissues  and  is  so  stable  that  it 
can  be  broken  up  only  with  great  difficulty.  The  action  is  very 
insidious,  and  if  the  amount  that  is  inhaled  is  small,  the  person 
breathing  it  may  be  made  almost  helpless  before  he  is  aware  of  it. 
By  this  time  it  is  often  too  late  for  him  to  escape  from  the  place 
where  the  gas  is  escaping  and  he  becomes  unconscious.  The  symp¬ 
toms  are  a  sense  of  discomfort,  with  throbbing  of  the  blood  vessels, 
severe  headaches,  the  feeling  of  a  tight  band  around  the  head  and 
chest  causing  difficulty  in  breathing,  giddiness,  and  great  debility. 
In  case  of  poisoning,  the  first  thing  to  do  is  to  remove  the  patient 
to  the  fresh  air  and,  if  he  is  unconscious,  artificial  respiration  should 
be  applied  precisely  as  in  the  case  of  drowning  or  unconsciousness 
from  electric  shock.  In  handling  a  patient,  and  while  applying 
artificial  respiration,  great  care  must  be  exercised  to  keep  the  head 
higher  than  the  lower  part  of  the  body.  A  teaspoonful  of  aromatic 
spirits  of  ammonia  in  a  cup  of  water  should  be  given  to  the  patient 
as  soon  as  he  begins  to  show  signs  of  consciousness. 

A  small  bottle  of  aromatic  spirits  of  ammonia  should  be  kept 
on  hand  to  use  in  case  of  gas  poisoning.  If  the  patient  is  not  uncon¬ 
scious  and  is  only  suffering  from  a  slight  poisoning,  the  discomforts 
may  be  partially  relieved  by  occasionally  sniffing  the  bottle  of 
spirits  of  ammonia.  The  discomforts  may  also  be  relieved  by 
drinking  cold  beer  or  ice-cold  milk,  although  nothing  but  sleep  will 
relieve  the  headache  and  giddiness. 

In  any  event,  whisky  should  never  be  given  the  patient,  as  it 
tends  to  fix  the  carbon  monoxide  in  the  system.  If  the  person 
attempting  to  attend  to  a  patient,  who  has  been  entirely  overcome 
and  is  unconscious,  has  had  little  or  no  experience  with  gas-poisoning 
cases,  he  should  get  the  patient  into  the  fresh  air,  send  for  a  physi¬ 
cian,  and  follow  these  directions  as  best  he  may,  until  the  physician 


arrives. 
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STEAM  TURBINES 

PART  I 


Introduction.  The  steam  turbine  is  one  of  the  most  recent 
engineering  developments,  and  perhaps  the  most  talked  of,  at  the 
present  time.  During  the  past  ten  years  the  most  marked  improve¬ 
ments  in  its  development  have  been  made,  and  this  has  given  a  great 
impetus  to  engineering,  especially  steam  engineering,  although  the 
very  high  speeds  of  rotation  have  driven  the  electrical  engineer  to 
work  out  new  ideas  in  designing  generators  suitable  for  these  higher 
speeds.  The  turbine  has  forged  rapidly  to  the  front,  and,  in  spite  of 
an  early  and  serious  handicap  in  the  way  of  steam  economy,  has 
taken  its  place  beside  the  best  reciprocating  engines  of  the  present 
time.  Many  claim  it  to  be  superior  in  the  matter  of  steam  economy, 
but  this  will  be  discussed  more  fully  later  on.  The  turbine  evidently 
possesses  many  advantages  over  the  reciprocating  engine,  and,  in  its 
field  of  greatest  usefulness,  is  likely  to  find  in  the  near  future  a  more 
severe  competitor  in  the  gas  engine  than  in  the  reciprocating  engine. 
For  some  classes  of  work,  the  steam  turbine  in  its  present  state  of 
development  is  entirely  unadapted. 

The  steam  turbine  consists  essentially  of  nozzles  or  guide  pas¬ 
sages  which  direct  the  steam  onto  vanes  or  buckets  attached  to  the 
periphery  of  rotating  wheels,  the  essential  elements  of  which 
are  shown  in  Fig.  1.  The  simplest  form  of  ’turbine  is  perhaps 
one  of  the  type  in  which  a  jet  of  steam  impinges  upon  the  buckets  of 
a  wheel,  in  much  the  same  manner  that  a  stream  of  water  impinges 
upon  the  buckets  of  a  Pel  ton  water-wheel;  there  is,  in  fact,  a  great 
similarity  between  water  turbines  and  steam  turbines.  The  under¬ 
lying  principles  are  the  same  in  either  case,  but  the  application  of 
those  principles  is  different.  Steam  flowing  through  a  properly 
designed  nozzle,  with  150  pounds  boiler  pressure  on  one  side,  and 
the  usual  turbine  vacuum  on  the  other,  will  attain  a  velocity  of  about 
4,000  feet  per  second,  qr  about  twice  the  muzzle  velocity  of  a  rifle 
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ball.  Water,  to  attain  this  enormous  velocity,  would  have  to  flow 
from  a  head  of  about  234,000  feet.  When  this  is  compared  with 
the  ordinary  water  head  of  150  feet  or  less,  or  even  with  such  an  ex¬ 
ceptionally  high  head  as  3,000  feet,  which  is  sometimes  met  with  in 
water  powers  on  the  Pacific  Slope,  a  glimpse  will  be  had  of  the 
magnitude  of  the  problem  confronting  the  steam  turbine  engineer.  To 
put  this  in  other  words,  the  steam  turbine  designer  has  to  deal  with 
a  velocity  equivalent  to  that  produced  by  a  head  of  water  nearly 


Fig.  1.  Elements  of  DeLaval  Turbine. 


1,500  times  as  high  as  Niagara  Falls.  It  will  at  once  be  seen,  then, 
that  the  velocity  of  rotation  of  a  simple  turbine  wheel  to  attain  the 
best  efficiency  must  be  enormous.  If  this  total  head  is  to  be  used  in 
one  wheel,  the  peripheral  speed  must  be  nearly  2,000  feet  per 
second,  and  at  such  speeds,  the  centrifugal  force  is  so  great  that  it  is 
no  easy  matter  to  design  a  wheel  that  will  not  burst,  even  were  there 
available  some  material  stronger  than  any  we  now  know.  As  it  is, 
about  1,200  feet  per  second  is  considered  the  practical  limit  of 
peripheral  velocity  for  a  wheel  built  of  the  best  nickel  steel. 

A  little  mathematical  calculation  will  show  that  wheels  of  five 
feet  in  diameter  will  revolve  4,600  times  per  minute  to  attain  a  velocity 
of  even  1,200  feet  per  second  at  the  periphery.  It  is  the  problem 
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of  the  steam  turbine  designer  to  reduce  these  speeds  to  more  manage¬ 
able  rates  without  at  the  same  time  making  too  great  a  sacrifice  of 
efficiency. 

From  a  thermodynamic  standpoint,  the  turbine  and  reciprocating 
engine  are  not  unlike,  but  the  force  of  the  steam  acts  differently  in 
them.  In  both,  it  is  the  heat  energy  of  the  steam  that  does  the  work. 
In  the  one,  the  steam  slowly  expands,  exerting  pressure  on  a  piston ; 
in  the  other,  it  expands  in  narrow  passages,  pushing  the  particles 
ahead  faster  and  faster  and  thus  obtaining  velocity  which  is  then 
imparted  to  the  vanes  of  a  rotating  wheel.  In  the  one,  the  steam 
acts  by  virtue  of  statical  pressure;  in  the  other,  by  virtue  of  its  high 
velocity.  In  either  case,  it  is  the  internal  heat  of  the  steam  that 
causes  the  expansion  and  does  the  work.  If  heat  is  lost  in  any  way, 
by  condensation,  radiation,  etc.,  the  work  will  be  proportionally  less. 
In  the  turbine,  a  difference  in  pressure  from  inlet  to  outlet  acts  as 
a  motive  force  indirectly,  and  then  only  in  so  far  as  it  causes  a  rapid 
flow  of  steam. 

Advantages.  The  well-known  expression,  work  =  force  X 
space ,  embodies  the  idea  that  a  given  amount  of  work  may  be 
accomplished  in  a  certain  time  by  increasing  the  total  force  of  the 
steam  on  the  piston  at  the  expense  of  the  number  of  revolutions  of 
the  fly-wheel  per  minute,  or  vice  versd.  For  example,  a  Corliss 
engine  running  at  180  revolutions  per  minute  requires  a  mighty 
effort  behind  the  piston  to  develop  1,000  horse-power,  and  this  tre¬ 
mendous  force  demands  a  large  cylinder,  a  heavy  frame,  and  an 
immense  fly-wheel.  If,  now,  an  engine  were  built  to  run  at  800 
revolutions  per  minute,  much  less  push  behind  the  piston  would  be 
necessary  to  develop  the  same  horse-power,  and,  therefore,  the  parts 
could  all  be  made  smaller,  and  the  whole  weight  very  much  reduced. 

To  go  a  step  further,  and  consider  the  steam  turbine,  which 
must  run  at  2,000  to  3,000  revolutions  per  minute,  it  is  clearly  seen 
that  this  enormous  speed  reduces  the  mass  of  the  parts  even  more. 
The  heavy  fly-wheel  is  no  longer  necessary,  as  the  rotating  parts  are 
moving  at  a  sufficiently  high  speed  to  acquire  an  immense  inertia, 
and  there  is  always  a  constant  effort  exerted  on  the  vanes  by  the 
team,  thereby  producing  an  absolutely  steady  turning  moment. 
Furthermore,  the  motive  parts  of  the  turbine  revolve,  which  is  in 
direct  contrast  to  the  reciprocating  engine,  in  which  the  piston  is 
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moving  backward  and  forward,  and  the  turning  moment  is  continu¬ 
ally  changing  from  a  maximum  to  a  minimum.  It  is  clear,  therefore, 
that  for  a  given  horse-power,  the  steam  turbines  produce  smaller 
machines,  lighter  foundations,  and  consequently  smaller  power 
houses.  A  fair  idea  of  the  relative  space  occupied  may  be  gained 
from  Fig.  2. 

Again,  the  generator,  on  account  of  this  high  speed,  will  be 
smaller  and  less  expensive.  The  turbine  requires  oil  in  its  bearings 


[Fig.  2.  Comparative  Sizes  of  5000-K.  W.  Corliss  Engine  and  Generator  and  Curtis 
Turbo-Generator  of  Same  Power. 


only;  hence  there  is  no  oil  to  go  over  in  the  condensed  steam,  and 
the  condensation  may  be  used  for  boiler  feed  without  any  danger  of 
carrying  oil  into  the  boilers.  The  turbine  requires  somewhat  less 
attendance  than  the  reciprocating  engine,  and  the  whole  machine  is 
compact  and  simple.  To  do  its  best,  the  turbine  requires  a  higher 
vacuum  than  is  ordinarily  obtained  for  the  reciprocating  engine, 
and  hence  needs  very  much  larger  condensers,  more  cooling  water, 
and  additional  air-pump  capacity  All  this  in  a  measure  offsets  some 
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of  its  advantages,  and  frequently  more  trouble  arises  from  the  air 
pumps  and  condensers  than  from  the  turbine  itself.  The  turbine 
may  of  course  operate  at  the  usual  vacuum  with  a  somewhat  greater 
steam  consumption  and  a  slightly  lower  efficiency. 

The  reciprocating  engine  has  its  own  advantages,  and  in  certain 
classes  of  work  will  doubtless  hold  its  own,  but  for  all  such  apparatus 
as  blowers,  centrifugal  pumps,  generators,  etc.,  which  may  be  direct 
connected  to  a  turbine,  the  reciprocating  engine  is  rapidly  becoming 
a  thing  of  the  past,  and  even  for  factories  where  belt  drives  are 
used,  the  steam  turbine  has  been  suggested. 

History.  The  steam  turbine  is  not  only  one  of  the  most  recent 
engineering  developments,  but  is,  at  the  same  time,  perhaps,  one  of 
the  most  ancient  forms  of 
prime  mover.  In  a  book 
written  by  Hero  of  Alexan¬ 
dria,  over  100  years  before 
the  beginning  of  the  Chris¬ 
tian  era,  a  very  simple  form 
of  steam  turbine  is  described. 

It  consisted  of  a  hollow  sphere 
mounted  on  hollow  trunions, 
through  which  the  steam 
passed  into  the  sphere.  On 
opposite  sides  of  the  sphere 
were  outlets  consisting  of 
pipes  bent  at  right  angles  in 
lines  tangent  to  the  equator 
of  the  sphere,  in  such  a  manner  that  the  reaction  of  steam  escaping 
through  these  pipes  caused  the  sphere  to  revolve  on  its  trunions, 
in  much  the  same  way  that  the  water  escaping  from  the  arms  of 
a  lawn  sprinkler  causes  it  to  revolve.  This  turbine,  which  is  illus¬ 
trated  in  Fig.  3,  is  the  simplest  form  of  the  pure  reaction  motor. 

In  1629,  Branca,  an  Italian,  invented  a  turbine  much  like  a 
miniature  water  wheel,  which  was  driven  by  a  jet  of  steam  from  a 
nozzle  directed  against  the  buckets  of  the  wheel.  This  is  the  simplest 
form  of  an  impulse  turbine,  and  is  illustrated  by  Fig.  4. 

In  1784,  Wolfgang  de  Kempelen  designed  a  turbine  of  the  lawn 
sprinkler  type,  similar  in  principle  to  Hero’s  engine,  the  chief  dif- 


Fig.  3.  Hero’s  Steam  Turbine. 
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ference  being  the  substitution  of  a  horizontal  revolving  tube  for  the 
hollow  sphere  which  Hero  used.  Steam,  escaping  from  the  outlets 
in  opposite  ends  of  the  tube,  caused  it  to  revolve  by  reaction,  just 
as  the  escaping  water  causes  the  lawn  sprinkler  to  revolve. 

In  1784  it  is 
said  that  James 
Watt  took  out  a 
patent  on  a  tur¬ 
bine,  but,  as  we 
all  so  well  know, 
devoted  his  gen¬ 
ius  to  the  devel¬ 
opment  of  the 
reciprocating 
engine.  At  this 
time,  both  types 
of  engine  were 
in  about  the 

same  crude  form,  and  it  is  possible  that  had  Watt  devoted  his 
energies  to  the  turbine  instead  of  to  the  reciprocating  engine  we 
might  not  have  had  the  ordinary  form  of  steam  engine  in  its  present 


Knife  Edge 


Fig.  5.  Reaction  Wheel  of  Avery  &  Foster. 


high  state  of  efficiency,  for  the  turbine  possesses  so  many  advantages. 
This  is  proved  by  the  fact  that  it  has  at  last  come  to  the  front  in  spite 
of  the  great  commercial  success  of  the  reciprocating  engine. 
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In  1831,  Avery  &  Foster  took  out  the  first  patent  granted  for  a 
turbine  by  the  United  States  Patent  Office.  This  was  on  the  Hero 
lines,  and  was  really  an  improvement  on  the  Wolfgang  de  Kempelen 
turbine  of  1784.  This  turbine  appears  to  be  the  first  to  attain  com¬ 
mercial  success.  Several  were  built  under  the  Avery  patent  and 
were  used  to  run  sawmills  near  Syracuse,  N.  Y. 

Steam  entered  a  hollow  shaft,  Fig.  5,  through  a  stuffing  box, 
passed  through  to  the  hollow  arms,  and  escaped  through  plain  open¬ 
ings  in  opposite  ends 
of  the  arms.  The 
speed  of  rotation  was 
enormous,  the  periph¬ 
ery  of  a  7  ft.  wheel 
traveling  at  the  rate  of 
about  14  miles  per 
minute.  The  wear 
was  excessive,  and 
this,  combined  with 
inability  to  get  proper 
packing  for  the  stuf¬ 
fing  boxes,  rather  than 
the  lack  of  steam 
economy,  doubtless 
caused  its  failure,  for 
the  reciprocating  en¬ 
gine  of  those  days  had 
not  reached  its  highest 
state  of  economy.  Had 
Avery  used  the  present  Fig'  6-  ReaI  &  Pichon  ComP°und  TurbI™- 
expanding  nozzles  instead  of  plain  openings  for  his  steam  outlets, 
his  steam  consumption  would  doubtless  have  been  less,  but  the 
speed  of  rotation  more.  Diverging  nozzles  were  used  as  early  as 
1838,  but  as  they  were  not  correctly  proportioned,  they  were  a  hin¬ 
drance  rather  than  a  help,  and  the  idea  seems  to  have  been  given  up 
for  a  time. 

As  early  as  1827,  a  compound  turbine  was  patented  by  Real 
&  Pichon,  the  idea  being  to  reduce  the  velocity  of  rotation  by  passing 
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the  steam  through  successive  wheels  G,  Fig.  6,  separated  by  disks 
B  B  containing  outlets  C  to  permit  the  passage  of  the  steam  from 
one  chamber  to  another.  H  is  one  of  the  blades,  F  the  shaft,  and 
M  the  steam  exhaust.  This  is  the  principle  on  which  the  present 
Rateau  turbine  works. 

The  chief  cause  for  early  failure  in  turbine  work  was  lack  of 
comprehensive  knowledge  of  the  flow  of  steam.  It  was  not  until 
1840  or  thereabouts  that  anyone  seemed  to  get  at  the  real  facts  or 
appreciate  the  true  significance  of  the  situation.  In  this  year  Pil- 
brow  patented  a  machine  that  was  a  distinct  advance  in  the  right 
direction,  and  his  patent  claims  show  that  he,  at  least,  understood 
some  of  the  fundamental  principles.  In  1842,  he  attempted  to  re¬ 
duce  the  speed  of  rotation  by  compounding,  passing  steam  through 


successive  wheels  revolving  in  opposite  directions.  There  are,  of 
course,  grave  objections  to  such  an  arrangement.  He  later  invented 
a  turbine  with  several  nozzles  that  could  be  successively  cut  out  of 
action  as  the  load  on  the  turbine  varied.  This,  in  its  crude  form,  is 
the  fundamental  idea  of  the  arrangement  of  the  nozzles  used  in  the 
DeLaval  and  Curtis  turbines,  but  Pilbrow  used  a  converging,  instead 
of  a  diverging  nozzle,  and  his  wheel  was  unlike  others  of  the  impulse 
type. 

In  1840,  Wilson  patented  the  forerunner  of  the  Parsons  type  of 
turbine.  He  passed  steam  successively  through  rows  of  running  and 
stationary  vanes,  gradually  expanding  it  until  the  exhaust  pressure 
was  reached.  A  view  of  Wilson’s  invention  is  shown  in  Fig.  7;  atb, 
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and  c,  are  vanes  which  are  attached  to  and  rotate  with  the  drum  D , 
while  d ,  e ,  and  /  are  stationary  guide  vanes.  Steam  enters  at  the 
left,  passes  through  the  turbine  longitudinally,  and  exhausts  at  the 
right.  Wilson  appears  to  have  been  among  the  first  to  realize  that 
the  volume  of  steam  increases  as  it  expands  to  lower  pressures,  to 
provide  for  the  same  by  increased  size  of  passages,  and,  what  is  per¬ 
haps  most  important,  to  claim 
this  in  his  patent. 

In  1858,  Hartman  Bros,  pat¬ 
ented  a  turbine  consisting  of  two 
revolving  disks  c  and  c'  fixed  to  a 
shaft  D ,  as  shown  in  Fig.  8. 

Between  them  was  a  segment  of 
stationary  reversing  blades  dd. 

Steam  entered  from  a  nozzle  F 
and  was  exhausted  at  H;  G  is  the 
casing.  This  turbine  embodied 
the  essential  element  of  the  one- 
stage  Curtis  turbine  of  the  present 
day. 

Perrigault  &  Farcot,  about 
1870,  patented  a  compound  tur¬ 
bine  in  which  the  steam,  as  it  left 
the  buckets,  passed  through  suc¬ 
cessive  passages*  and  again  and 
again  impinged  upon  the  face  of 
the  same  wheel.  This  is  the  prin¬ 
ciple  adopted  in  the  Riedler- 
Stumpf  turbine  and  is  illustrated 
by  Fig.  9.  Steam  enters  this 
turbine  through  the  nozzle  A , 
passes  through  the  wheel  buckets 
to  the  other  side,  and  discharges 

into  pipe  B,  which  brings  the  steam  around  again  to  the  inlet  side. 
Here  it  discharges  through  the  opening  6,  against  another  bucket  of 
the  same  wheel,  whence  it  is  picked  up  by  the  opening  x,  in  the  pipe 
C ,  and  so  on,  finally  exhausting  through  the  pipe  D .  Somewhat 
earlier,  a  turbine  was  invented  that  returned  the  steam  in  a  similar 


Fig.  8.  Hartman's  Compound  Impulse 
Turbine. 
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manner,  but  to  another  set  of  blades  on  the  same  wheel.  This  idea 
has  also  been  perfected  by  Riedler  &  Stumpf. 

Moorehouse  patented,  in  1877,  an  improvement  on  the  type- 
suggested  by  Real  &  Pichon  in  1827.  His  chief  claim  was  an  allow¬ 
ance  for  the  increased  volume  of  expanding  steam  in  this  type  of 
turbine. 

DeLaval  took  out  a  patent  on  a  reaction  turbine  of  the  Hero 
type  in  1883.  It  differed  from  the  Avery  turbine  in  detail,  but  not 
in  principle.  This  turbine  was  extensively  used  for  running  cream 
separators,  and  was  commercially  successful,  but  was  later  aban¬ 
doned  for  the  present  type  of  DeLaval  motor. 


In  1885,  Parsons  took  out  his  first  turbine  patent  on  a  motor 
along  the  lines  previously  suggested  by  Wilson,  and  is  responsible 
for  the  successful  development  of  this  type  of  motor.  His  first  tur- 
•  bine,  shown  in  Fig.  10,  took  steam  in  the  center  A,  and  exhausted 
at  both  ends  through  the  exhaust  passage  EE,  thus  avoiding  any 
end-thrust  on  the  shaft  B.  At  the  same  time,  he  patented  his  famous 
flexible  bearing,  now  in  general  use.  In  1888,  he  patented  the  present 
arrangement  of  grouping  several  rows  of  blades  together  increasing 
the  drum  diameters  step  by  step  to  provide  for  proper  expansion,  at 
the  same  time  patenting  his  balancing  pistons,  at  present  employed 
to  relieve  end-thrust. 

The  expanding  nozzle  had  been  patented  in  1867  for  use  in  steam 
injectors,  but  it  was  not  until  1894  that  anyone  patented  its  use  in 
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connection  with  a  turbine.  In  this  year,  DeLaval  secured  this  patent 
and  used  the  nozzle  in  connection  with  his  turbine,  for  the  purpose 
of  expanding  the  steam  and  getting  a  high  velocity  of  jet  with  in¬ 
creased  kinetic  energy. 

During  1894  and  1895  there  were  issued  a  large  number  of 
patents,  many  of  which  have  been  su2cessfully  developed.  Among 
them  were  Parsons’,  Rateau’s,  and  the  first  patents  for  the  use  of 
buckets  of  the  Pelton  type. 

In  1896,  Curtis  patented  the  use  of  an  expanding  nozzle  in  com¬ 
bination  with  a  compound  wheel  of  the  type  suggested  by  the  Hart- 


Fig.  10.  Early  Parsons  Turbine. 


man  patents  in  1858.  Others  had  used  both  the  expanding  nozzle 
and  the  same  type  of  wheel,  and  only  two  years  earlier  patents  were 
taken  out  for  a  converging  nozzle  with  a  similar  wheel.  From  a 
study  of  nozzles,  it  will  appear  that  the  converging  nozzle  could  be 
used  economically  by  increasing  the  number  of  stages  used  in  the 
expansion,  but  the  turbine  would  be  larger  than  the  Curtis,  and 
probably  less  efficient. 

Patents  were  issued  in  1898  to  Riedlei  &  Stumpf,  whose  turbine 
appears  to  be  an  improvement  on  the  Perrigault  &  Farcot,  patented 
about  1870. 

In  1900,  the  Zoelly  patents  were  issued.  This  turbine  in  prin¬ 
ciple  is  similar  to  the  Rateau,  but  different  in  construction. 
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The  steam  turbine  patents  issued  since  1900  are  altogether  too 
numerous  even  to  mention,  but  from  them  a  number  of  commercial 
machines  have  been  developed,  and  are  now  on  the  market.  The 
principal  commercial  turbines  will  be  described  later. 

It  must  not  be  thought  that  this  summary  is  at  all  exhaustive, 
or  that  even  all  the  noteworthy  turbine  patents  have  been  mentioned. 
There  are  hundreds  of  them,  and  it -is  possible  here  only  to  men¬ 
tion  those  that  are  the  immediate  forerunners  of  our  present  com¬ 
mercial  types.  This  brief  summary  will  show  that  the  commercial 
success  of  the  turbine  has  been  due  to  a  more  complete  knowledge, 
of  the  properties  of  steam,  improved  details,  and  the  possibility  of 
better  workmanship,  rather  than  to  the  development  of  new  principles, 
for  the  distinctive  fundamental  ideas  of  all  of  our  commercial  tur¬ 
bines  had  been  suggested  years  ago.  It  should  be  borne  in  mind, 
however,  that  no  fundamental  principle  can  be  successfully  worked 
out  unless  the  minutest  detail  is  correct,  and  these  details  may,*  and 
in  the  case  of  the  turbine  did,  prevent  the  successful  carrying  out  of 
the  early  ideas. 

Fundamental  Principles.  The  underlying  principles  of  steam 
and  water  turbines  are  alike — a  moving  fluid  impinges  upon  curved 
vanes  or  buckets  attached  to  the  periphery  of  a  wheel,  thus  causing 
it  to  revolve.  The  vanes  or  buckets  change  the  direction  of  the  actua¬ 
ting  fluid  and  absorb  part  of  its  energy,  the  fluid  leaving  the  turbine 
with  a  comparatively  low  velocity.  To  insure  reasonable  economy, 
the  fluid  must  impinge  upon  the  vanes  in  a  direction  tangential  to 
their  surface  at  the  point  of  impact,  so  as  not  to  impart  any  shock  and 
to  avoid  spattering.  Further,  the  residual  velocity  at  outlet  should 
be  as  low  as  possible. 

In  either  class  of  turbine,  rotation  is  caused,  not  by  the  statical 
pressure  of  the  actuating  fluid,  but  by  the  velocity  which  it  imparts 
to  the  rotating  turbine  wheels.  The  kinetic  energy  of  the  fluid 

passing  through  the  turbine  is  equal  to  -,  where  W  equals  the 

2g 

weight  of  the  fluid  per  second  and  V  is  its  velocity  at  entrance.  Evi¬ 
dently,  the  smaller  W,  the  larger  V  must  be  to  develop  the  same 

power.  If  the  fluid  leaves  the  turbine  with  the  velocity  Va ,  then  — 
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represents  the  energy  not  absorbed  by  the  turbine.  If  Va  is  small, 
this  wasted  energy  will  be  likewise  small. 

Since  the  fundamental  principles  of  the  turbines  are  the  same, 
it  would  seem  at  first  sight  as  if  steam  and  water  turbines  could  be 
built  on  similar  lines.  But  this  is  not  so,  because  the  difference  in 
density  and  in  elasticity  of  the  two  fluids  requires  different  applications 
of  those  principles.  In  the  steam  turbine,  not  only  must  proper  steps 
be  taken  to  abstract  the  energy  from  the  steam  jet,  but  also  to  make 
that  energy  a  maximum  by  providing  for  the  proper  expansion  of  the 
steam. 

To  make  more  clear  the  differences  just  mentioned,  it  should  be 
remembered  that  water  is  an  inelastic  fluid;  that  is,  one  having  a 
constant  volume  under  all  conditions  of  pressure.  Therefore,  in 
flowing  through  a  nozzle,  if  the  velocity  at  the  outlet  is  to  be  greater 
than  the  velocity  in  the  pipe,  the  area  of  the  outlet  must  be  smaller 
than  the  cross-section  of  the  pipe.  Steam,  on  the  other  hand,  is  an 
elastic  fluid  and  expands  rapidly  as  it  flows  through  a  nozzle.  If 
the  increase  in  volume  were  in  exact  ratio  to  the  increase  in  velocity, 
then,  for  maximum  efficiency,  the  nozzle  would  be  parallel-sided. 
This  happens  when  the  pressure  at  discharge  is  about  60%  of  the 
initial  pressure.  But  when  discharging  into  a  low  pressure,  the 
volume  of  the  steam  increases  more  rapidly  than  the  velocity,  and 
hence,  if  the  mouth  of  the  nozzle  is  to  be  capable  of  discharging  the 
same  weight  of  steam  per  second  as  the  throat  (the  condition  for 
maximum  efficiency),  the  cross-sectional  area  of  the  nozzle  must  con¬ 
stantly  increase  toward  the  outlet. 

Steam  will  expand  as  it  passes  through  the  turbine  and  if  the 
passages  are  correctly  proportioned,  so  that  this  expansion  can  take 
place  only  in  one  direction,  that  is,  in  the  line  of  flow,  the  steam 
particles  will  be  forced  forward  in  a  nearly  uniform  jet;  the  steam, 
by  virtue  of  this  expansion,  will  attain  a  very  high  velocity  and  the 
jet  will  consequently  have  a  high  kinetic  energy. 

Water  turbines  use  a  relatively  small  head  and  a  large  quantity 
of  fluid;  with  the  steam  turbines,  the  quantity  of  fluid  is  small,  but 
the  head  is  very  large.  To  develop  large  powers  with  any  form  of 
turbine,  it  is  necessary  that  a  number  of  wheels  be  used.  With  water 
turbines,  each  wheel  acts  under  full  head,  each  using  a  relatively 
small  quantity  of  water.  With  steam  turbines,  however,  it  is  the 
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second,  and  with  a  head  of  234,000  feet,  comparable  with  that  of 
a  steam  turbine,  the  requirement  would  be  about  3}  pounds  ot 
fluid  per  second.  It  is  thus  clearly  seen  that  the  difficulty  in 
developing  large  powers  with  the  water  turbine  is  that  of  providing 


for  a  sufficiently  large  quantity  of 
fluid  through  the  turbines,  and 
with  the  steam  turbine,  that  of 
handling  the  great  velocities  re¬ 
sulting  from  the  enormous  head. 


■4^— J|||  |  or  passages.  In  some  the  expan- 


^  sion  is  all  in  the  nozzles ;  in  others, 
partly  in  the  nozzles  and  partly  in 
the  vanes  or  blades.  In  some, 
the  total  expansion  from  boiler  to 


Fig.  ii.  Apparatus  for  showing  Force  exhaust  takes  place  in  one  nozzle, 
of  a  Jet-  and  the  energy  is  absorbed  by  a 

single  wheel;  such  a  turbine  is  called  a  single-stage  turbine.  In 
others,  the  expansion  in  one  set  of  nozzles  is  only  partial,  and  after 
passing  through  one  or  more  wheels,  the  steam  again  passes 
through  another  set  of  nozzles  and  set  of  wheels,  and  so  on, 
until  exhaust  pressure  is  reached.  This  is  a  multi-stage  turbine. 
There  may  be  all  the  way  from  one  to  forty  stages,  or  even  more, 
in  turbines  of  this  type  where  all  expansion  is  in  the  stationary  vanes ; 
and  in  turbines  where  part  of  the  expansion  is  in  the  running 
vanes,  there  may  be  100  stages  or  more.  Some  turbines  use  nozzles 
for  expanding  the  steam,  and  some  use  stationary  vanes  for  the 
purpose,  these  vanes  being  so  shaped  as  to  provide  suitable 
passage  areas  to  permit  of  steam  expansion.  The  principle  is  the 
same  whether]  nozzles  or  blades  are  used,  but  blades  are  generally 
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used  where  many  stages  are  employed  and  the  drop  in  pressure  is 
small  from  stage  to  stage. 

Before  taking  up  the  actual  study  of  steam  turbines,  it  will  be 
necessary  to  have  a  clear  conception  of  a  few  elementary  principles 
of  mechanics.  Suppose  a  hollow  cube  to  be  filled  with  some  fluid 
(water  or  steam)  at  a  given  pressure,  and  to  have  an  opening  in  one 
side  that  can  readily  be  closed.  The  arrangement  is  such  that  when 
the  outlet  is  opened,  the  internal  pressure  will  remain  the  same.  If 
the  outlet  is  opened,  the  fluid  will  rush  out,  as  shown  in  Fig.  11,  and, 
if  the  jet  is  supposed  to  strike  against  a  board  free  to  move,  the  jet 
will  exert  a  force  upon  that  board  tending  to  swing  it  in  the  direction 
of  the  jet.  This  force  is  called  an  impulse.  At  the  same  time  there 
will  be  a  tendency  on  the  part  of  the  cube  to  move  in  the  opposite 
direction,  and  the  force  thus  developed  is  called  a  reaction.  It  may 
be  explained  in  this  way: 

Suppose  each  side  of  the  cube 
to  be  one  foot  square,  the  area  of 
the  opening,  one  square  inch,  and 
the  internal  pressure,  100  pounds 
per  square  inch.  There  will  be 
144  X  100  pounds  pressure  on  each 
side  of  the  cube  with  the  outlet 
closed,  but  when  the  one-inch  outlet  Fig.  12.  Jet  Deflected  through  90°. 
is  opened,  the  total  pressure  on  the 

side  containing  the  outlet  will  be  reduced  by  the  pressure  of  100 
pounds  on  the  opening  itself.  This  will  leave  an  unbalanced  force 
of  100  pounds  acting  in  the  opposite  direction,  which  is  the  origin 
of  the  reactive  force.  This  explanation  is  not  strictly  correct,  but 
serves  to  give  an  idea  of  these  two  forces,  impulse  and  reaction. 

Hero’s  turbine  was  a  reaction  turbine  pure  and  simple,  Branca’s, 
an  impulse  turbine;  but  what  is  called  a  reaction  turbine  at  the  present 
time  is  not  a  simple  reaction  turbine  in  any  sense,  but  one  running 
under  the  combined  influence  of  reaction  and  impulse.  Likewise, 
the  so-called  impulse  turbine  is  not  a  pure  impulse  turbine,  but  acts 
under  the  combined  influence  of  impulse  and  reaction.  There  is 
no  pure  reaction  turbine  now  on  the  market.  The  so-called  impulse 
turbine  being  rather  simpler  of  explanation,  for  the  present  only 
this  type  will  be  considered  in  the  following  explanations.  How 
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these  principles  apply  to  the  so-called  reaction  turbine  will  bt* 
explained  later. 

Suppose  a  stream  of  water  from  a  nozzle  to  impinge  upon  the 
plate  shown  in  Fig.  12,  and  so  made  that  the  jet  is  divided,  and  with¬ 
out  shock  departs  in  a  direction  tangential  to  the  plate  and  at  90°  to 
the  line  of  impact.  If  the  velocity  of  impact  of  the  jet  is  F  feet  per 
second,  its  velocity  in  the  same  direction  after  striking  the  plate  will 
be  zero,  and  therefore,  a  definite  force  will  be  exerted  on  that  plate, 
equal  to  the  force  necessary  to  impart  a  velocity  of  F  feet  in  one  second 
to  the  mass  of  water  in  the  jet.  The  acceleration,  therefore,  will  be 
V  feet  per  second,  and  since  force  is  measured  by  mass  times 
acceleration,  this  force,  acting  on  the  plate,  will  be  F  =  MV.  If 
the  plate  is  allowed  to  move  in  the  direction  of  the  jet  with  a 

velocity  Vv  the  relative  velocity  of 
the  plate  with  reference  to  the  jet 
will  be  V  —  Vv  and  the  correspond¬ 
ing  force  acting  on  the  plate  will 
be  F  =  M  (V  —  Fj).  Since  work 
is  measured  by  the  product  of 
force  and  distance,  the  force  acting 
through  the  space  Vt  in  one  second, 
will  do  the  work  W  —  FVX  —  M 
(F—  Fj)  Vx  foot  pounds. 

Now  if  the  plate  were  shaped  as 
shown  in  Fig.  13,  so  that  the  direction  of  the  jet  were  completely 
reversed,  that  is,  turned  through  180°,  there  would  be  an  additional 
pressure  on  the  plate,  due  to  the  reaction  of  the  jet  leaving  it.  This, 
neglecting  friction,  would  be  equal  to  the  original  impulse,  thus 
making  the  total  force  on  the  plate  2  F  instead  of  F.  It  is  quite 
evident  that  if  the  force  is  twice  as  great,  the  work  must  also  be 
double,  and  the  above  expression  for  the  work  done  becomes 


Fig.  13.  Jet  Deflected  through  180°. 


W  =  2 FVX  =  M  X  2  (F  -  Vx)  Vx 

For  this  reason,  turbine  vanes  are  made  so  as  to  reverse  the  direction 
of  the  jet  as  completely  as  possible.  Complete  reversal  is  not  prac¬ 
ticable  because  some  clearance  must  be  allowed  for  the  deflected  jet 
to  escape.  This  is  especially  true  in  the  usual  case  in  practice,  where 
the  jet  impinges  upon  the  vanes  from  the  side.  Here,  the  angle  has 
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to  be  such  that  the  revolving  wheel  will  clear  both  nozzle  and 
deflected  jet. 


If  the  bucket  shown  in  Fig. 
exerted  by  the  jet  would  evidently 
but  the  velocity  of  the  bucket 
the  force  multiplied  by  the  space, 
would  also  be  zero.  If,  on  the 
other  hand,  the  velocity  of  the 
bucket  were  equal  to  the  velocity 
of  the  jet,  the  push  would  be  zero, 
and  the  work  again  zero.  Some¬ 
where  between  these  limits,  there 
must  evidently  be  a  velocity  which 
will  produce  maximum  results. 

V 

Suppose  now,  that  Vl  =  -- ; 

then 


13  were  held  stationary,  the  force 
ie  a  maximum  and  equal  to  2 MV; 
being  zero,  the  work,  equal  to 


Fig.  14.  Jet  Impinging  upon  Curved  Vane 
at  an  Angle  with  Plane  of  Rotation. 


V  V  V2 

W  —  M  X  2  (V  —  —  =  M 

but 

MV 2 

— — —  =  the  kinetic  energy  of  the  jet,  as  it  issues  from  the 

nozzle.  Therefore,  if  the  speed  of  the  bucket  is  one-half  the  velocity 
of  the  jet,  we  have  an  efficiency  of  100%,  neglecting  losses,  and 
this  is,  of  course,  the  best  obtainable.  Therefore,  the  greatest  effi¬ 
ciency  is  obtained  when  the  speed  of  the  bucket  is  half  the  jet  velocity, 
provided  the  jet  impinges  upon  the  bucket  in  a  direction  parallel 
to  the  line  of  movement  of  the  bucket.  For  other  angles,  the  speed 
for  maximum  efficiency  would  be  somewhat  less.  * 

If  a  jet  with  the  velocity  V  strikes  the  bucket  at  an  angle  a, 
as  shown  in  Fig.  14,  its  velocity  A  B  could  be  resolved  into  two  com¬ 
ponents — one  C  B  at  right  angles  to  the  shaft,  and  one  C  A  parallel 
to  the  shaft.  The  one  at  right  angles  to  the  shaft,  commonly  known 
as  the  velocity  o]  whirl ,  would  produce  a  rotative  impulse  equal  to 
Vcos  a,  and  Vv  the  velocity  of  the  vane  necessary  for  maximum 
efficiency,  would  be  half  this,  or  Vx  =  \  Vcos  a,  provided  the  angle 
with  which  the  jet  leaves  the  blade  is  equal  to  the  angle  of  impinge¬ 
ment.  The  component  A  C,  parallel  to  the  shaft,  would  have  no 
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(a)  (6) 

Fig.  15.  Relative  Positions  of  Jet 
and  Vane. 


tendency  to  cause  rotation,  but  would  produce  an  end  thrust  on  the 
shaft.  This  component  is  called  the  velocity  of  flow . 

Suppose  a  jet  to  impinge  upon  a  curved  vane  at  the  angle 
shown  in  a  Fig.  15.  If  the  jet  strikes  this  vane  tangentially,  without 
shock,  the  vane  remaining  stationary,  the  relative  positions  of  the  jet 
before  and  after  impact  will  be  as  shown.  Now  if  the  vane  is 

allowed  to  move  with  the  velocity 
V v  the  relative  positions  of  the 
vane  and  the  nozzle  will  change, 
and  the  jet  will  no  longer  glide 
smoothly  onto  the  vane,  but  will 
strike  the  edges,  and  spatter. 
To  maintain  the  correct  relative 
positions,  the  nozzle  must  either 
be  allowed  to  follow  the  vane,  or  its 
position  must  be  changed  so  that 
the  direction  and  velocity  of  the 
jet  will  be  such  that  it  may  be  resolved  into  two  components, 
one  parallel  with  the  direction  of  motion  of  the  vane,  and  the 
other  tangent  to  the  vane.  The  absolute  direction  of  the  jet 
must  be  along  the  line  A  By  (6,  Fig.  15),  but  its  direction  rela¬ 
tive  to  the  moving  vane  will  be  along  the  line  A  C,  and  if  A  B 
is  drawn  to  a  scale  representing  the  actual  velocity  of  the  jet, 
and  C  B  laid  off  to  the  same  scale  to  represent  the  velocity  V x  of 
the  vane,  then  A  C  will  represent  in  magnitude  and  direction  the  rel¬ 
ative  velocity  of  the  jet  and  the  vane,  which  will  be  identical  with 
the  absolute  velocity  in  the  first  case  where  the  vane  is  stationary. 
Neglecting  friction,  the  jet  will  leave  the  vane  with  the  same  relative 
velocity.  Draw  E  F  =  AC  and  E  G  =  C  B  =  the  velocity  Vv  Then 
E  H,  which  we  shall  call  V3,  will  represent  in  magnitude  and  direc¬ 
tion  the  absolute  velocity  with  which  the  jet  leaves  the  vane. 

W  V2 

The  energy  in  the  jet  before  impact  was — , 

WV  2 

after  leaving  the  vane, - — . 

9  WV 2  WV 2  W 


The  energy  absorbed  was  then 


29  29 

For  the  best  efficiency,  V 3  should  be  small,  but  can  never  be  zero 


=  2 VV2-V^ 
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unless  the  jet  angle  a  is  zero,  and  the  direction  of  the  jet  is  reversed 
through  180°,  an  impracticable  condition. 

Nozzles.  Steam  does  not  cause  rotation  in  the  turbine  because 
of  its  statical  pressure,  but,  as  already  stated,  because  of  its  velocity, 
a  difference  in  pressure  acting  indirectly,  by  imparting  velocity  to 
the  steam.  It  is  evident,  then,  that  in  this  class  of  motor,  steam 
velocities  are  all-important.  The  steam  possesses  energy  by  virtue 
of  the  heat  which  it  contains,  but  to  make  this  energy  available  in 
the  turbine,  it  must  be  transformed  into  kinetic  energy  by  the  produc¬ 
tion  of  a  high  jet  velocity.  The  correct  shaping  of  the  nozzle  is  the 
all-important  factor  in  acquiring  the  requisite  steam  velocity,  as  will 
appear  from  the  following  considerations: 

It  has  been  well  established  by  experiment  that  steam  at  high 
pressure  flowing  into  a  space  at  lower  pressure,  through  a  nozzle  with 
parallel  sides,  cannot  attain  a  velocity  exceeding  1,450  to  1,500  feet 
per  second,  no  matter  how  high  the  initial  pressure  nor  how  low  the 
pressure  into  which  the  steam  discharges.  This  limiting  velocity  is 
due  to  the  fact  that  at  the  throat  of  any  nozzle  there  occurs  a  drop  in 
the  pressure  of  the  steam  to  about  58%  of  the  initial  pressure,  and,  if 
the  nozzle  be  a  cylindrical  one,  this  drop  will  remain  practically  con¬ 
stant  throughout  the  length  of  the  nozzle.  The  velocity  acquired 
by  virtue  of  this  difference  in  pressure  will  therefore  be  about  the  same, 
whether  the  absolute  pressure  into  which  the  steam  is  discharged  is 
58%  of  the  initial  pressure  or  much  less.  In  the  latter  case,  the 
throat  pressure  cannot  change  until  the  outlet  is  reached,  when  the 
pressure  drops  suddenly  to  the  pressure  of  the  space  into  which  the 
steam  is  discharging,  and  the  steam  immediately  expands  in  all 
directions,  thus  dissipating  its  energy.  The  only  case  in  which  maxi¬ 
mum  efficiency  is  developed  with  orifices  and  short  passages  with 
parallel  sides  is  when  the  low  pressure  is  greater  than  58%  of  the  high 
pressure. 

This  limiting  value  for  orifices  or  parallel-sided  nozzles,  and  the 
consequent  limit  of  steam  velocity,  makes  it  impossible  to  develop 
the  greatest*  energy  of  the  steam  when  expanding  to  low  pressures 
except  through  a  nozzle  with  flaring  sides,  in  which  the  outlet  is 
greater  than  the  inlet.  In  such  a  nozzle  the  steam  expansion  occurs 
gradually  in  its  flow,  and  is  constrained  to  take  place  only  in  the 
direction  of  the  flow.  In  this  way,  the  velocity  of  the  steam  par- 
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tides  is  increased  as  it  proceeds  along  its  nozzle  until  a  tremendous 
speed  has  been  developed,  which  will  produce  about  95%  of  the 
available  energy.  Furthermore,  steam  may  be  expanded  effectively 
within  the  confines  of  such  a  nozzle  from  any  high  pressure  to  any 
lower  pressure,  provided  the  increase  of  areas  of  cross-section  of  the 
nozzle  is  proportional  to  the  increase  of  specific  volumes  of  the  steam. 

In  other  words,  with  a  cylindrical  nozzle,  a  limiting  steam  velocity 
of  1,450  to  1,500  feet  per  second  is  possible,  no  matter  whether  the 
initial  pressure  of  the  steam  be  70  pounds  or  200  pounds,  or  whether 
the  pressure  into  which  the  steam  is  finally  expanded  be  58%  of  the 
initial  or  a  28"  vacuum.  Of  course,  as  the  weight  of  the  steam  per 
cubic  foot  varies  with  the  pressure,  a  greater  weight  of  steam  will 
be  discharged  per  second  at  higher  pressure,  resulting  in  a  somewhat 
greater  kinetic  energy  in  the  steam  jet.  On  the  other  hand,  if  the 
nozzle  has  flaring  sides,  the  steam  at,  say,  150  pounds  gauge  pressure, 

will  have  the  same  pressure  at  the 


Boiler  Press. 
/SO  lbs. 
/64.7abs. 


Press.  9S5  lbs.  abs.Areo  /sq. 

sec. 


throat,  that  is,  58%  of  the  initial 
pressure,  but  will  acquire  a  rapid¬ 
ly  increasing  velocity  from  throat 
to  outlet,  and,  with  a  28"  vacuum 
ahead  of  it,  will  leave  the  nozzle 
with  a  velocity  of  4,000  feet  per 
second,  assuming  no  friction  in  the  nozzle.  Fig.  16  shows  a  properly 


Fig.  16. 


<■. Press. 2 8  vacuum/ 
lb.  absolute  area 
outlet  2/9  so.  in. 
velocity  4020ft.  per. 
sec. 

Properly  Designed  Expanding 
Nozzle. 


designed  nozzle  for  expanding  steam  from  150  pounds  boiler  pressure 
to  28"  vacuum. 

Compounding.  It  has  been  explained  that  if  steam  is  expanded  in 
a  suitable  diverging  nozzle,  nearly  all  the  heat  energy  becomes  available 
as  kinetic  energy,  and  that  this  steam,  when  flowing  from  a  boiler  pres¬ 
sure  of  150  pounds  to  a  vacuum  of  28",  may  attain  a  velocity  of  approx¬ 
imately  4,000  feet  per  second.  If  the  linear  velocity  of  the  buckets 
were  to  be  approximately  one-half  the  velocity  of  the  jet,  there 
would  be  grave  danger  that  the  wheel  would  burst  from  centrif¬ 
ugal  force.  A  peripheral  speed  of  1,200  feet  per  second  is  the 
limit  in  practice.  2,000  feet  per  second  would  mean  about  12,750 
revolutions  per  minute  in  a  wheel  3  feet  in  diameter.  This  latter 
velocity  would  mean  great  delicacy  in  balancing  and  difficulty  in 
providing  suitable  bearings,  even  if  material  could  be  found  to 
withstand  the  strain.  A  wheel  15  feet  in  diameter  would  have  to 
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revolve  2,500  revolutions  per  minute  if  the  above  mentioned 
peripheral  velocity  were  to  be  obtained,  and  again  the  impossibility  of 
construction  is  evident.  Some  means  must  therefore  be  employed  to 
reduce  the  speed  to  manageable  rates  without  unduly  increasing  the 
size  of  wheel.  This  may  be  done  in  a  single-stage  turbine  by  means 
of  gearing,  but  here,  if  1,200  feet  is  to  be  the  maximum  permissible 
peripheral  velocity,  and  2,000  is  the  theoretical  velocity,  there  will  be 
a  loss  of  efficiency.  As  a  matter  of  fact,  the  steam  jet  does  not  strike 
the  wheel  in  a  line  at  right  angles  to  the  shaft;  consequently  the 
velocity  of  whirl,  as  already  seen,  is  Vcos  a,  and  with  friction  allow¬ 
ance,  this  is  somewhat  reduced,  but,  even  with  a  bucket  velocity  of 
1,200  feet  per  second,  the  revolutions  will  usually  be  too  high. 

Turbine  speeds  may  be  satisfactorily  reduced  without  the  use 
of  gearing,  by  what  is  called  compounding ;  i.  e.,  by  dividing  expansion 
into  separate  stages,  called  pressure  compounding;  by  passing  the 
steam  over  several  wheels  with  guide  vanes  between  to  redirect  the 
steam  upon  the  vanes  in  the  next  wheel,  called  velocity  compounding; 
or  by  a  combination  of  these  two  methods. 

Suppose  we  start  with  steam  at  150  pounds  gauge  pressure  and 
expand  it  to  28  in.  vacuum,  not  in  one  expanding  nozzle  but  in  several 
stages,  so  that  the  expansion  in  each  would  be  to  only  about  60%  of 
the  next  higher  pressure,  in  which  case,  diverging  or  expanding 
nozzles  would  not  be  needed.  The  velocity  of  flow  of  the  steam 
would  be  somewhat  less  than  1,450  feet  per  second  at  pressures  above 
the  atmosphere,  and  would  decrease  slightly  as  the  pressure  lowered; 
the  lowest  velocity,  when  discharging  into  a  vacuum  of  28  in.,  would 
be  about  1,250  feet  per  second,  but,  by  letting  the  drop  in  pressure  be 
somewhat  less  than  60%  in  the  higher  stages,  the  velocity  of  flow 
could  be  made  approximately  1,250  feet  per  second  throughout. 
This  is,  of  course,  neglecting  all  losses.  We  could  then  have  a  steam 
speed  of  about  1,250  feet  per  second  to  deal  with,  instead  of  4,000;  the 
ii  iii  l,250cosa 

peripheral  speed  of  the  buckets  would  be - ^ - —  025  cos  a, 

or,  when  a,  is  small,  about  600  feet  per  second.  For  a  wheel  5  feet 
in  diameter,  this  would  mean  about  2,300  revolutions  per  minute, 
and  the  conditions  arising  from  such  a  speed  are  much  more  easily 
taken  care  of.  This  reduction  in  speed  could  be  accomplished  in 
about  ten  stages.  To  reduce  the  speed  to  half,  or  300  feet  per 


377 


22 


STEAM  TURBINES 


second,  would  require  four  times  as  many  stages  because  the  num¬ 
ber  of  stages  would  be  equal  to  the  square  of  the  ratio  of  reduction 
of  the  steam  velocity.  Thus,  the  reduction  from  4,000  feet  per 

second  to  1,250  feet  per  second  will  require  V  =  3.2  =  10> 

approximately.  To  reduce  the  speed  of  the  buckets  from  600  to  300 
feet  per  second,  would  evidently  require  four  times  as  many,  or 
40  stages. 

Suppose,  now,  the  compounding  were  all  in  velocity  stages,  and 
that  the  expansion  occurred  in  one  nozzle.  The  velocity  of  steam 
would  be  nearly  4,000  feet  per  second,  but  it  would  have  to  pass 
through  three  sets  of  revolving  wheels  to  bring  the  relative  speed  at 
each  wheel  to  approximately  1,300  feet  per  second,  and  thus  get  the 
same  speed  of  revolution  as  in  the  previous  case. 

This  method  of  compounding  gives  a  very  compact  form  of 
turbine  and  one  that  has  many  mechanical  advantages;  but  the  wheels 
have  to  revolve  in  a  bath  of  steam  which  makes  the  friction  excessive, 
and  the  efficiency  correspondingly  lower.  This  was  the  idea  of  the  origi¬ 
nal  Curtis  patent,  but  was  soon  abandoned  for  the  combined  pressure 
and  velocity  turbine  which  is  to-day  the  principal  feature  of  the  Curtis 
design.  In  this  combined  method,  there  are  two  or  more  pressure 
stages,  and  in  present  practice,  not  over  two  velocity  wheels  and  one 
set  of  guide  vanes  to  each  stage.*  The  older  Curtis  had  even  three 
or  four  revolving  wheels  per  stage  with  a  corresponding  number  of 
sets  of  guide  vanes. 

Compounding  has  been  tried  by  the  use  of  counter-running 
wheels,  but  with  little  success.  If  the  guide  vanes  were  on  wheels 
free  to  turn,  they  would  run  in  a  direction  opposite  to  the  others, 
and  if  the  relative  peripheral  velocity  of  the  two  were,  say,  1,200  feet 
per  second,  it  would  mean  that  for  each  wheel  the  absolute  velocity 
would  be  half  this,  or  600  feet  per  second.  The  difficulties  of  build- 
ding  and  operating  such  a  machine  are  considerable. 

Types  of  Turbines.  There  are  two  main  groups  into  which 
steam  turbines  are  usually  divided,  one  known  as  the  impulse,  and 
the  other  as  the  reaction  type.  It  has  become  the  general  practice 

*This  does  not  apply  to  marine  practice,  the  peculiar  conditions  of  which 
warrant  the  use  of  a  larger  number  of  velocity  wheels  per  stage.  Small 
Curtis  turbines  and  some  special  machines  have  three  velocity  stages. 


378 


STEAM  TURBINES 


23 


Van » 


to  classify  turbines  under  one  or  the  other  of  these  two  general  heads; 
but,  as  a  matter  of  fact,  every  commercial  turbine  of  the  present  time 
really  develops  its  power  under  the  combined  influence  of  action 
and  reaction.  Yet  there  is  a  distinct  difference  between  the  expansion 
of  steam  in  these  two  types,  as,  for  instance,  in  the  DeLaval  and 
in  the  Parsons  turbine.  The  use  of  the  terms  impulse  and 
reaction  in  reference  to  turbines  is  undoubtedly  unfortunate,  but 
since  their  use  has  become  practically  universal,  it  is  necessary  to 
understand  the  significance  of  their  application. 

In  the  so-called  impulse  turbine,  the  steam,  expanding  in  a 
nozzle  or  other  suitable  passage,  thus  attains  a  high  velocity,  and 
impinges  upon  the  vanes  of  a  rotating  wheel.  The  steam,  in  passing 
through  the  wheel,  gives 
up  a  part  of  its  kinetic 
energy  to  the  revolving 
vanes,  and  leaves  the 
wheel  at  a  lower  velocity, 
but  at  the  same  pressure 
at  which  it  left  the  noz¬ 
zle.  In  the  so-called  re¬ 
action  type,  the  steam 
enters  the  turbine  at 
boiler  pressure,  passes 
through  guide  passages 
onto  the  vanes  of  a  rotating  wheel,  and  little  by  little  expands  as  it 
passes  through  these  vanes  to  subsequent  guide  passages  and  other 
vanes,  the  pressure  gradually  becoming  lower;  the  velocity  which  is 
gained  by  the  expansion  in  the  guide  passages  and  revolving  vanes  is 
practically  all  imparted  to  the  rotating  drum.  The  pressure  is  less 
on  the  one  side  of  the  vane  than  on  the  other,  while,  in  the  impulse 
type,  the  pressure  is  the  same  on  both  sides  of  the  vane. 

The  engines  of  Hero,  Wolfgang  De  Kempelen,  and  Avery  were  all 
purely  reaction  types,  but  the  Parsons  acts  by  impulse  as  well  as 
reaction,  and  the  Curtis  and  DeLaval,  by  reaction  as  well  as  by  im¬ 
pulse.  To  make  this  clear,  consider  Fig.  17  (a),  which  shows  a  vane 
and  jet.  The  vane  is  so  shaped  that  the  jet  leaves  it  at  right 
angles  to  the  direction  of  impact.  Here  is  a  case  of  pure  action,  so 
far  as  any  force  tending  to  move  the  vane  in  a  direction  parallel  to  the 


Two  Arrangement  of  Jet  and  Vane,  (a)  Pure 
Action.  (6)  Action  and  Reaction. 
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direction  of  the  jet  is  concerned.  There  is,  to  be  sure,  a  reaction  of 
the  jet,  but  this  reacting  force  is  along  a  line  A  B  at  right  angles  to 
the  desired  line  of  motion,  and  if  the  vane  shown  in  this  figure  were 
attached  to  the  periphery  of  a  wheel  free  to  revolve,  this  force  of 

reaction  would  cause  only  an  end- 
thrust  on  the  shaft,  in  no  way 
augmenting  the  force  of  rotation. 

As  previously  shown  on  Page 
16,  to  obtain  the  best  efficiency 
the  jet  must  be  deflected  through 
an  angle  of  180°.  If  the  jet  leaves 
the  wheel  at  any  less  angle  than 
90°,  for  instance,  angle  B  AC  in 
Fig.  17  (b),  there  is  a  reactive 
force  along  the  line  AC,  which  can 
be  resolved  into  two  components 
—  one,  A  B,  tending  to  cause 
rotation,  the  other,  B  C,  causing 
an  end  thrust.  A  turbine  thus 
constructed,  although  called  an 
impulse  turbine,  evidently  derives 
an  impelling  force  from  this  reac¬ 
tion.  A  pure  impulse  turbine, 
permitting  no  reaction  of  the  jet, 
would  have  a  theoretical  maxi¬ 
mum  efficiency  of  only  50%. 
When  the  jet  is  turned  through 
an  angle  of  180°,  the  reaction 
becomes  equal  to  the  impulse. 
The  reaction  is  equal  to  the  im¬ 
pulse  in  any  case,  when  the  angle 
at  which  the  jet  impinges  upon 
the  vane  is  equal  to  the  angle  of 
deflection  measured  from  a  plane 
through  the  center  of  the  rotating  wheel  at  right  angles  to  the  shaft. 
In  this  type  of  turbine,  all  the  expansion  takes  place  in  the  nozzles 
or  guide  passages,  none  at  all  in  the  revolving  vanes. 

In  the  so-called  reaction  turbines,  the  expansion  takes  place 


p<?  N.  ■■  -  ,£jr'h.28*5"\sgc. 

/nlet'\  'Throati-Outlet^  ^  Base  Line 


Steam  pipe  -**+ASozzle~*r\/ane&+Exhaust  pipe 
v Clearance 

Fig.  18.  Typical  Features  of  Single-Stage 
Impulse  Turbine,  with  Relations  of 
Steam  Pressures  and 
Velocities. 
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in  the  revolving  vanes  as  well  as  in  the  guide  passages,  and  the 
vanes  and  guides  are  placed  so  as  to  give  a  constantly  increasing  area 
of  passage  to  allow  for  the  increasing  volume  of  the  steam  as  it 
expands.  As  the  steam  expands  in  the  guide  passages,  it  acquires 
velocity  and  impinges  upon  the  running  vanes,  thus  giving  a  decided 
impulse  to  them,  and  as  it  again  expands  in  the  running  vanes,  the 
reaction  produces  a  further  impelling  force. 

The  distinguishing  feature,  then,  between  these  two  distinct 
types  of  turbine  is  not  to  be  found  in  the  impulse  or  reaction  of  the 
steam  at  all,  for  both  types,  as  we  have  seen,  act  by  virtue  of  both 
forces;  but  the  distinction  lies  in  whether  the  expansion  of  the  steam 
takes  place  fully  in  a  set  of  nozzles  or  guide  passages  with  no  expan¬ 
sion  in  the  moving  vanes,  or  whether  the  steam  expansion  takes  place 
partly  in  the  nozzles  and  partly  in  the  revolving  vanes.  A  turbine 
might  be  so  arranged  that  the  expansion  would  take  place  entirely  in 
the  moving  vanes,  the  guide  passages  acting  merely  to  change  the 
direction  of  the  steam,  but  as  yet  no  commercial  turbine  has  been 
built  on  these  lines. 

There  are  several  distinct  subdivisions  of  the  two  main  types 
of  turbine.  The  simplest  form  is  undoubtedly  of  the  DeLaval  type, 
which  consists  of  several  diverging  nozzles,  expanding  the  steam 
from  boiler  pressure  to  exhaust  pressure,  and  directing  the  steam  jets 
onto  the  vanes  of  a  single  wheel.  We  have  seen  that  the  enormous 
velocity  of  4,000  feet  per  second  will  be  attained  in  expanding  from 
150  pounds  boiler  pressure  to  28}  inches  vacuum.  The  speed  of 
revolution  must  be  very  high  and,  although  the  velocity  is  greatly 
lowered  as  the  steam  passes  through  the  wheel,  it  will  leave  the 
wheel  with  a  considerable  residual  velocity  which  represents,  of 
course,  so  much  lost  energy.  Fig.  18  illustrates  the  typical  features 
of  this  style  of  machine,  the  curves  showing  the  relation  of  its 
steam  velocities  and  pressures.  It  will  be  noticed  that  the  steam 
pressure  is  a  maximum,  and  equal  to  boiler  pressure,  at  the  inlet  to 
the  nozzle,  and  will  reach  the  condenser  or  exhaust  pressure  at  the 
nozzle  outlet,  as  it  impinges  upon  the  vanes  of  the  wheel.  Clear¬ 
ance,  in  this  type  of  turbine,  is  of  small  consequence,  for  the  wheel 
revolves  in  steam  of  a  uniform  pressure,  and  there  can,  therefore, 
be  no  leakage  of  steam  without  work  being  done.  As  there  is 
but  one.  wheel  revolving  in  the  bath  of  steam,  the  friction  would 
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not  be  very  great,  were  it  not  that  the  friction  increases  very  rapidly 
with  the  speed,  and  in  this  single-wheel  type,  the  speed  of  the  steam  is 
very  high.  The  chief  loss  will  be  due  to  the  relatively  high  velocity 
of  the  exhaust  steam,  and  to  the  friction  of  the  bearings  on  account  of 
the  high  rotative  speed.  To  reduce  these  speeds  of  rotation  to  man- 
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Vanes 
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Shaft 


Fig.  19.  Features  of  Multi-Stage  Impulse  Type,  Showing  Relations  of 
Steam  Pressures  and  Velocities. 


ageable  rates,  gearing  must  be  used,  causing  a  further  frictional 
loss,  or  the  diameter  of  the  wheel  must  be  abnormally  great. 

The  velocity  of  the  steam  at  the  entrance  to  the  nozzle  is  that 
due  merely  to  its  flow  through  the  pipe.  At  the  throat  of  the  nozzle, 
the  velocity,  as  we  have  previously  seen,  will  be  something  under 
1,500  feet  per  second,  and  at  the  mouth  of  the  nozzle,  if  it  is  properly 
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designed,  the  velocity  will  approximate  4,000  feet  per  second,  assum¬ 
ing  a  boiler  pressure  of  165  pounds  absolute  and  28J  inches  of 
vacuum.  This  high  velocity  will  not  be  maintained,  however,  as 
the  steam  passes  through  the  revolving  vanes,  but,  at  the  condenser, 
wdl  have  dropped  to  a  value  depending  upon  the  amount  of  energy 
absorbed  from  the  steam  during  its  passage  through  the  vanes  of  the 
wheel. 

If  wheels  were  arranged  in  successive  chambers,  so  that  the 
steam  could  be  expanded  in  several  steps  instead  of  in  one,  we  should 
have  the  essential  elements  of  the  Rateau  type  of  turbine.  Fig.  19 
shows  diagramatically  the  essential  features  of  this  type  of  turbine, 
and  the  relation  of  velocities  and  pressures,  as  before.  Each  wheel 
rotates  in  an  independent  chamber  separated  from  the  next  by  a 
diaphragm  provided  with  suitable  expanding  passages,  so  that  the 
steam,  in  passing  from  the  first  chamber  to  the  second,  will  be  under 
conditions  similar  to  those  obtaining  when  passing  from  the  boiler 
into  the  first  chamber,  and  again  may  attain  a  maximum  velocity. 

In  a  four-stage  turbine  of  this  sort,  the  pressure,  as  shown  in  the 
curve  in  Fig.  19,  should  be  a  maximum  (boiler  pressure)  at  the  inlet 
to  the  first  nozzle.  At  the  throat  of  the  nozzle,  it  should  be  approx¬ 
imately  58%  of  the  initial  pressure.  During  its  passage  through  the  first 
chamber,  the  steam  pressure  would  be  constant,  and  it  would  again 
drop  in  a  similar  manner ,  in  passing  through  the  nozzles  between  the 
first  and  the  second  chamber,  the  velocity  rising  with  each  drop  in 
pressure.  With  a  four-stage  turbine,  the  drop  in  pressure  would  be 
such  that  one-fourth  of  the  total  available  heat  units  would  be 
available  in  each  chamber.  The  drop  in  pressure  from  chamber  to 
chamber  would  therefore  not  be  uniform,  for  a  given  pressure 
change  represents  more  heat  units  in  the  lower  than  in  the  higher 
ranges  of  pressure.  The  velocity  at  the  inlet  to  the  first  nozzle  would 
again  be  merely  the  velocity  of  flow  through  the  steam  pipe;  at  the 
throat  of  the  nozzle,  approximately  1,500  feet  per  second,  and  at  the 
outlet  to  the  nozzle,  where  the  steam  impinges  upon  the  vanes  of  the 
first  wheel,  approximately  2,000  feet  per  second.  This  velocity  will 
drop  as  the  steam  passes  through  the  wheel,  rising  again  on  its  pas¬ 
sage  through  the  next  nozzle,  dropping  again  in  the  next  wheel,  and 
so  on,  the  residual  velocity  as  the  steam  leaves  the  last  wheel  being 
probably  less  than  in  the  previous  case. 
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Turbines  are  built  on  this  principle  by  a  number  of  manufac¬ 
turers,  the  Rateau  being  the  best  known  of  this  type.  This  particular 
turbine  has  usually  a  large  number  of  chambers,  frequently  30  to  40, 
and  the  drop  in  pressure  from  chamber  to  chamber  is  consequently 

very  small,  so  small  in 
Mowno  Moving  Moving  fact  that  expanding  noz- 

zles  are  not  necessary. 
This  type  of  turbine  is 
subject  to  leakage  at  A  B, 
Fig.  19,  where  the  shaft 
passes  through  the  sta¬ 
tionary  diaphragm  and 
requires  special  packing. 
This  packing  becomes 
evidently  inaccessible  in 
a  multi-stage  turbine. 

A  simple  method  of 
compounding,  but  one 
not  likely  to  produce  as 
economical  results,  is 
that  shown  diagramatic- 


T Stationary  Stationary 

Vanes  Vanes 

<  Casing 


ally  in  Fig.  20,  its  vari¬ 
ations  of  pressure  and 
volume  being  shown  in 
the  curve.  In  this  tur¬ 
bine,  steam  is  expanded 
in  a  properly  designed 
diverging  nozzle,  from 
boiler  pressure  to  exhaust 
'  pressure,  and  impinges 
successively  upon  the 
vanes  of  rotating  wheels. 
Between  these  wheels 
are  stationary  guide  vanes  curved  in  the  opposite  direction,  so  that, 
as  the  steam  leaves  the  first  set  of  vanes,  it  is  redirected  by  these 
guides  upon  the  next  set,  and  so  on.  The  boiler  pressure  is  exactly 
similar  to  the  boiler  pressure  shown  in  Fig.  18;  the  velocity  of  the 
steam  as  it  leaves  the  nozzle  is  also  the  same.  This  velocity  drops 


tn/eM  \nroat'  Outlet  j $tatior&  ISta/iorif,  «, 

SteamP,'Pe^N0Z2le^ 

Fig.  20.  Features  of  Impulse  Turbine  Compounded 
by  Velocity  Steps  Only. 
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somewhat  as  the  steam  passes  through  the  first  set  of  running  vanes, 
remains  constant  as  it  passes  through  the  first  set  of  guide  vanes, 
again  drops  in  the  next  set  of  running  vanes,  and  again  becomes  con¬ 
stant  in  the  guide  vanes,  and  so  on;  the  velocity  of  the  steam  jet  is 
gradually  lessened  as  it  passes  through  wheel  after  wheel.  The  drop 
in  velocity  in  the  steam  in  its  passage  through  any  one  set  of  vanes 
will,  neglecting  losses,  be 
approximately  equal  to 
the  total  velocity  divided 
by  the  number  of  sets 
of  running  wheels.  In 
this  type  of  turbine,  since 
the  velocity  of  the  steam 
is  gradually  decreased,  it 
is  evident  that  if  the  same 
quantity  of  steam  is  to 
flow  through  successive 
wheels  in  the  same  inter¬ 
val  of  time,  the  passages 
must  gradually  increase 
in  size.  The  velocity  re¬ 
maining  constant  in  the 
guide  vanes,  they  may  pro¬ 
vide  passages  of  uniform 
section,  as  shown  in  Fig. 

20,  each  set  of  passages, 
however,  being  larger 
than  the  preceding  set. 

The  principle  just 
described  was  the  origi¬ 
nal  idea  claimed  in  the 
early  Curtis  patent,  but  was  subsequently  given  up  for  the  im¬ 
proved  arrangement  shown  in  Fig.  21.  This  arrangement  differs 
from  the  other,  in  that,  instead  of  fully  expanding  the  steam  in  one 
nozzle  or  set  of  nozzles  from  boiler  to  exhaust  pressure,  the  expan¬ 
sion  is  divided  into  two  or  more  stages.  This  turbine  contains  cham¬ 
bers,  just  as  the  Rateau  type  does,  the  difference  being  that  in  the 
Curtis,  each  chamber  contains  two  sets  of  running  wheels  and  one  set 


Fig.  21.  Features  of  Turbine  Compounding  by 
Pressure  Stages  and  Velocity  Steps. 
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of  guide  vanes,  while  the  Rateau  chamber  contains  only  one  wheel 
and  no  guide  vanes.  Turbines  of  the  Curtis  type  have  from  two  to 
seven  pressure  stages,  but  at  the  present  time,  no  more  than  two 
sets  of  running  vanes  are  used  in  each  chamber*,  although  formerly, 
more  sets  of  running  vanes  were  used.  The  relation  of  pressures  to 
velocities  shown  in  Fig.  21  will  be  evident  from  the  previous  ex¬ 
planations. 

_/  In  the  reaction  tur- 

bines,  of  which  Parsons’ 
is  the  best  known  ex¬ 
ample,  the  steam,  as 
already  stated,  gradually 
expands  in  passing  from 
boiler  to  condenser  pres¬ 
sure.  The  velocity  rises 
in  the  first  set  of  station¬ 
ary  vanes,  and  drops  as 
the  steam  does  work  in 
the  first  set  of  running 
vanes.  The  velocity  rises 
again  in  the  next  set  of 
stationary  vanes,  drops 
in  the  moving  vanes,  and 
so  on.  Fig.  22  shows  the 
essential  features  of  this 
turbine  and  the  relation 
of  pressures  and  volumes. 
The  stationary  guide 
vanes  act  just  like  small 
nozzles,  and  allow  the 


Guide',  poving,  .Guide ' Moving J 'Guide ,  Moving  (Guide' 'Moving.  - 
+  Vanes]  y'aneSj  JVorMtfl  jt/ones'  fkfc/wj  jVaneo  |  J Vanes)  vanes  f 

Fig.  22.  Features  of  Reaction  Type. 


steam  to  expand  and  acquire  velocity.  The  moving  vanes  also  allow 
the  steam  to  expand,  and  the  reaction  of  this  expansion  gives  an 
added  impulse  to  the  rotating  wheel. 

It  is  not  intended  that  the  foregoing  shall  be  a  description  of 
any  turbine,  but  merely  a  description  of  the  distinct  and  elementary 
features  of  the  action  of  steam  in  various  types  of  turbine. 


*See  foot-note,  Page  22. 
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In  the  one-stage,  compound-velocity  turbine,  the  steam  leaves  the 
nozzle  at  exhaust  pressure  with  a  high  velocity.  If  the  expansion  has 
been  complete,  as  intended,  the  pressure  remains  constant  as  the  steam 
passes  through  the  turbine,  and  there  is  no  tendency  to  leakage. 
The  clearances  between  the  blade  tips  and  the  casing  can  be  made 
as  large  as  convenient,  for  it  requires  a  difference  of  pressure  to  cause 
steam  leakage.  If  running  on  vacuum,  there  would  be  a  tendency 
for  air  to  leak  in  around  the  shaft,  and  consequently  this  would  need 
to  be  well  packed. 

Here  would  seem  to  be  a  happy  solution  to  the  problem  of  steam 
leakage,  at  the  same  time  producing  a  most  compact  form  of  turbine; 
but,  unfortunately,  a  considerable  loss  is  brought  about  by  steam 
flowing  past  the  surfaces  of  both  moving  and  guide  vanes  and  by  the 
large  amount  of  friction,  due  to  the  rotation  of  the  many  wheels 
through  the  steam  which  fills  the  turbine.  A  further  serious  disad¬ 
vantage  is  that  an  equal  amount  of  work  cannot  be  done  in  each  set 
of  vanes  if  the  entrance  and  exit  angles  of  the  vanes  are  made 
equal,  as  is  usually  the  case.  For  example,  suppose  a  4,000  foot 
steam  velocity  to  be  reduced  in  four  wheels,  each  wheel  absorbing 
1,000  ft.  per  sec.  Then,  if  Vv  V2,  Vv  and  V4  represent  the  respective 
velocities  at  the  entrance  of  each  wheel,  the  available  energy  is 


for  the  first  wheel, 
for  the  second, 
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and  for  the  fourth,  —  X  1,000,000. 
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This  difficulty  will  be  remedied  by  increasing  the  number  of 
pressure  stages,  and  decreasing  the  number  of  wheels  in  each  stage 
to  a  minimum.  With  a  large  number  of  velocity  compound  wheels, 
the  work  done  by  the  last  wheel  would  be  so  small  that  the  frictional 
losses  would  be  too  large  to  make  it  at  all  economical.  For  example, 
with  six  wheels,  the  last  wheel  would  develop  only  9%  of  the  power 
developed  in  the  first.  In  turbines  of  this  type,  by  a  suitable 
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design  of  the  nozzles  and  entrance  and  exit  angles  of  the  vanes,  the 
same  amount  of  steam  energy  may  be  abstracted  in  each  pressure  stage. 

The  leakage  in  this  type  would  be  relatively  small,  only  what 
would  pass  from  stage  to  stage.  This  would  be  comparatively  small, 
because  the  steam  could  escape  only  through  the  opening  where  the 
shaft  passes  through  the  diaphragm  (A  B  Fig.  19)  that  separates  the 
two  chambers,  and  with  small  clearances  this  could  not  be  large. 
With  a  large  number  of  stages,  as  in  the  Rateau  turbine,  leakage  in 
the  high  pressure  end  is  not  all  lost,  for  it  has  an  opportunity  to 
work  in  the  lower  stages. 

In  the  reaction  turbine,  leakage  of  steam  is  a  most  important 
factor.  As  the  pressure  on  the  two  sides  of  the  vane  is  different, 
there  is  a  tendency  for  the  steam  to  escape  between  the  tips  of  the 
vanes  and  the  outer  casing  A  B ,  Fig.  22,  also  between  the  ends  of  the 
guide  blades  and  the  rotor  C  D ,  Fig.  22.  As  the  rotors  are  of  large 
diameter,  a  large  area  is  offered  for  leakage,  unless  the  clearances 
are  kept  very  small.  Here,  the  steam  leaking  from  the  higher  pres¬ 
sures,  will  of  course  do  work  on  the  lower  pressure,  but  at  a  less 
efficiency,  just  as  in  the  Rateau  type.  The  successful  turbine  of  this 
type  requires  great  nicety  of  workmanship  in  order  that  the  clearances 
may  be  adjusted  to  a  minimum. 

Low=Pressure  Turbines.  The  greatest  drawback  to  improve¬ 
ment  in  any  existing  engine  plant,  or,  in  fact,  in  any  mechanical  in¬ 
stallation,  has  always  been  the  fact  that  the  equipment  already  in¬ 
stalled  must  be  discarded,  often  thrown  into  the  scrap  pile,  while  still 
in  fairly  good  condition  and  capable  of  doing  a  considerable  amount 
of  work.  In  the  early  installation  of  steam  turbines,  this  was  often 
done,  and  in  order  to  increase  the  capacity  of  the  central  station,  good 
reciprocating  engines  were  often  thrown  out  and  turbines  put  in  their 
places.  It  was,  however,  soon  discovered  that  this,  in  many  cases, 
was  unnecessary,  and  that  the  desired  increase  in  power  could  be  had 
by  simply  using  low-pressure  turbines  in  connection  with  the  exist¬ 
ing  reciprocating  engines.  The  low-pressure  turbine  takes  the  steam 
exhausted  by  the  engine,  slightly  above  the  atmospheric  pressure, 
and  expands  it  to  a  lower  vacuum  than  could  be  economically  done 
in  the  engine. 

While  the  reciprocating  engine  is  highly  efficient  for  utilizing 
the  available  energy  of  steam  between  boiler  and  atmospheric  pres- 
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sure,  it  is  relatively  inefficient  for  utilizing  the  energy  of  steam  in  the 
lower  ranges  of  pressure,  especially  at  pressures  below  20  in.  vacuum. 
The  steam  turbine,  on  the  other  hand,  utilizes  the  available 
energy  of  steam  in  the  lower  more  effectively  than  in  the  higher 
ranges  of  pressure.  Since  there  is  about  as  much  available  energy  in 
steam  below  the  atmospheric  line  as  there  is  in  steam  above  it,  there 
is  every  reason  to  believe  that  this  combination  of  engine  and  turbine 
will  be  a  most  efficient  one.  In  order  that  the  possibilities  and  limi¬ 
tations  may  be  fully  stated,  however,  it  will  be  necessary  to  investi¬ 
gate  some  of  the  characteristics  of  steam  expansion. 

A  single  cylinder  engine  with  cut-off  at,  say,  one-third  stroke,  will 
expand  the  steam  to  three  times  its  initial  volume,  and  if  it  takes  steam 
at  150  pounds  gauge  pressure,  the  volume  of  each  pound  of  that  steam 
before  expansion  will  be  approximately  2.75  cubic  feet.  Now,  if  this 
is  expanded  to  three  times  its  initial  volume,  every  pound  of  steam 
entering  the  cylinder  will,  at  exhaust,  occupy  3  X  2.75  =  8.25  cubic 
feet.  If  the  expansion  has  been  adiabatic,  that  is,  without  the  gain 
or  loss  of  heat,  this  pound  of  steam  will  occupy  8.25  cubic  feet  of 
space  when  the  pressure  has  reached  32  pounds  by  the  gauge,  and, 
under  the  above  conditions,  an  engine  would  release  at  this  pressure— 
a  manifest  waste. 

With  one-fifth  cut-off  and  five  expansions,  the  final  volume  of  one 
pound  would  be  5  X  2.75  =  13.75  cubic  feet,  and  this  volume  would  be 
reached  at  about  11.7  pounds  gauge  pressure.  Fig.  23  will  illustrate 
this.  The  line  bcde\s&  curve  representing  the  relation  of  pressures 
and  volumes  of  steam,  as  it  expands  adiabatically  from  loO  pounds 
gauge  pressure  to  the  atmosphere  and  beyond  the  atmosphere  into 
partial  vacuum.  The  total  available  work  in  the  steam  above  at¬ 
mospheric  pressure,  would  be  represented  by  the  area  of  the  diagram 
ab  eh.  The  greatest  possible  work  that  could  be  done  in  the  cylin¬ 
der,  cutting  off  at  one-third  stroke  and  exhausting  at  atmospheric 
pressure,  would  be  the  area  abcgh,  which  shows  that  a  considerable 
amount  of  the  energy  is  lost.  Even  cutting  off  at  one-fifth  stroke,  the 
work  represented  by  the  area dej is  lost.  To  carry  the  expansion  of 
steam  in  a  single-cylinder  engine  even  to  one  pound  above  the 
atmosphere,  the  boiler  pressure  must  be  greatly  reduced,  or  the  amount 
of  expansion  increased  materially.  If  this  engine  were  made  con¬ 
densing,  to  k  would  represent  the  back-pressure  line,  and  while  the 
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total  available  energy  would  be  increased  by  the  area  hemic,  the 
work  in  the  cylinder  at  one-fifth  cut-off  would  be  increased  only  by  the 
area  h  f  j  k,  a  very  small  part  of  the  whole.  In  such  case,  the  gain 
would  probably  not  pay  for  the  cost  of  maintaining  the  vacuum. 

In  a  compound  two-cylinder  engine  taking  steam  at  150  pounds 
gauge,  the  ratio  of  high-  to  low-pressure  cylinder  volumes  would  be 
not  over  1  to  5,  and  with  cut-off  on  the  high-pressure  cylinder  at  one- 
third  stroke,  there  would  be  room  for  not  over  15  expansions;  that  is, 
the  volume  of  steam  at  the  end  of  the  low-pressure  stroke  would  be 
not  over  15  times  the  volume  of  the  steam  admitted.  Now,  if  one 
pound  of  steam  at  150  pounds  gauge  pressure  were  expanded  to  15 
volumes,  the  result  would  be  15  X  2.75  =  41.25  cu.  ft.  One  pound 
of  steam  thus  expanded  from  150  pounds  pressure  will  occupy  41.25 


Fig.  23.  Relation  of  Pressure  and  Volume  in  Non-Condensing  Reciprocating  Engine. 

cubic  feet  when  the  pressure  has  reached  approximately  7.5  pounds 
absolute,  which  would  correspond  to  a  vacuum  of  approximately  15 
in.  In  other  words,  neglecting  the  condensation  and  other  losses  in 
the  cylinder,  the  ordinary  compound  engine  with  Corliss  gear  (an 
engine  in  every  way  first  class),  cutting  off  at  one-third  stroke,  cannot 
expand  steam  at  150  pounds  boiler  pressure  lower  than  to  15  in.  vacu¬ 
um.  Any  increase  of  vacuum  beyond  this  point  tends  only  to  reduce 
the  back  pressure  on  the  piston,  and  the  gain  in  work  is  slight,  per¬ 
haps  not  enough  to  pay  for  the  additional  work  on  the  air  pump, 
increased  size  of  condenser,  and  additional  circulating  water. 

Fig.  24  shows,  as  before,  the  adiabatic  expansion  from  150 
pounds  gauge  pressure.  If  a  &  represents  one  volume,  h  f  would 
represent  fifteen,  h  f  will  be  the  back  pressure  line  at  15  in.  vacuum, 
the  maximum  theoretical  work  done  in  the  cylinder  will  be  the  area 
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a  b  d  j  h,  and  the  work  lost  will  be  the  area  h  f  m  k.  Increasing  the 
vacuum  below  15  in.  gives  only  a  little  gain,  represented  by  the  area 
h  j  g  h,  although  more  than  in  the  previous  case. 

A  triple-expansion  engine  will  permit  of  about  twenty  expansions; 
that  is,  the  low-pressure  cylinder  will  contain  about  twenty  times 
the  volume  displaced  by  the  piston  at  cut-off  in  the  high-pressure 
cylinder.  In  such  an  engine,  the  final  volume  of  one  pound  of  steam 
expanding  from  the  previous  pressure  will  be  55  cubic  feet,  and  the 
pressure  corresponding  to  this  volume  would  be  5.5  pounds  absolute, 
equal  to  about  19  in.  vacuum.  A  condenser  giving  24  in.  vacuum 
would  allow  just  about  difference  enough  to  give  a  ready  flow  of  steam 


from  the  engine  to  the  condenser.  If  a  greater  vacuum  is  to  be  used 
to  advantage,  the  number  of  expansions  must  be  increased.  Even 
here,  increasing  the  vacuum  beyond  19  in.  gives  relatively  little  gain 
in  the  engine.  To  expand  steam  from  150  pounds  gauge  pressure 
to  28.5  in.  vacuum  would  require  a  final  volume  of  338  cubic  feet  for 
each  pound  of  steam  admitted  to  the  cylinder,  and  since  one  pound  at 
initial  pressure  occupies  2.75  cubic  feet,  the  steam  would  have  to  ex¬ 
pand  338  -r-  2.75  =  123  times,  approximately.  The  utter  impossibil¬ 
ity  of  such  expansion  in  the  triple  expansion  engine  will  be  evident 
from  the  following  consideration: 

If  a  triple-expansion  engine  were  to  expand  the  steam  to  this 
pressure,  with  cut-off  at  one-third  stroke,  the  low-pressure  cylinder 
would  have  a  volume  123  -s-  3  =  41  times  that  of  the  high-pressure 
cylinder,  and  its  diameter  would  be  to  the  diameter  of  the  high, 
as  1  is  to  the  square  root  of  41,  or  about  6.5.  This  ratio  is  not 
far  from  three  times  that  found  in  general  practice  for  such  an  engine, 
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and  about  four  times  that  for  a  compound  engine.  Assuming  that 
the  low-pressure  cylinders  are  now  as  large  as  they  can  conveniently 
be  made,  the  complete  expansion  above  outlined  would  require, 
in  the  triple-expansion  engine,  three  low-pressure  cylinders  of  the 
present  size.  Radiation  loss  and  friction  could  easily  overcome  the 
theoretical  gain;  to  say  nothing  of  the  prohibitive  cost  and  weight  of 
the  engine. 

Consider  the  diagram  in  Fig.  25,  which  shows,  as  before,  the 
adiabatic  expansion  between  150  pounds  gauge  and  28.5  in.  vacuum. 
The  black  area  represents  the  available  work  due  to  the  complete 
.expansion  of  the  steam,  in  excess  of  that  available  in  the  triple-ex¬ 
pansion  engine,  running  under  28.5  in.  vacuum.  This  lost  energy  is 


Fig.  25.  Energy  in  Steam  not  Available  for  Reciprocating  Engine. 


about  25%  of  the  total  energy  available  in  the  steam,  or  about  35% 
of  the  energy  available  for  use  in  the  reciprocating  engine  with  28.5  in. 
back  pressure.  Under  the  ordinary  conditions  of  25  in.  back  pressure, 
the  black  area  would  be  augmented  by  the  crosshatched  area,  mak¬ 
ing  the  lost  energy  about  40%  instead  of  the  35%  above.  All  of  this 
energy  is  lost  by  the  triple-expansion  engine,  but  'can  be  utilized  by 
the  turbine.  Low  vacuums  cause  large  initial  condensation  in  recipro¬ 
cating  engines,  but  do  not  have  any  disadvantageous  effect  on  the 
turbine. 

The  low-pressure  turbine  can  be  advantageously  used  in 
connection  with  any  reciprocating  engine,  and  their  combination 
will  always  afford  a  considerable  improvement  in  economy,  and 
increase  the  power  without  increasing  the  size  of  the  boiler  plant. 
It  often  happens  that  engines  are  operated  non-condensing  because  of 
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the  expense  of  cooling  water,  and  as  we  have  already  shown,  the  rel¬ 
atively  small  gain  would  not  pay  for  additional  complications  and 
expense,  especially  if  cooling  towers  have  to  be  provided.  The  low- 
pressure  turbine,  however,  will  provide  enough  additional  power  to 
pay  for  the  installation  of  proper  equipment.  There  are  already  in 
existence,  plants  where  low-pressure  turbines  have  been  installed  in 
connection  with  engines  previously  used  as  non-condensing,  and  the 
output  has  been  practically  doubled  without  increased  cost  for  fuel. 

It  is  readily  seen  from  the  previous  discussion,  that  even  in  a 
plant  in  which  the  engines  are  operated  as  condensing  engines,  a 
considerable  gain  can  be  effected  by  installing  a  low-pressure  tur¬ 
bine,  even  though  using  the  same  condenser  facilities  as  before. 
In  some  ways,  it  is  much  easier  to  maintain  a  high  vacuum  in  such 
a  combination,  because  the  turbine  will  take  the  steam  at  slightly 
above  the  atmospheric  pressure,  and  thus  prevent  a  considerable 
amount  of  air  leakage,  which  always  takes  place  through  the  the  stuf¬ 
fing-boxes  of  a  low-pressure  reciprocating  engine. 

If  saturated  steam  expands  adiabatically  from  150  pounds 
gauge  to  a  pressure  of  28.5  in.  vacuum,  practically  half  the 
available  energy  is  developed  between  the  initial  pressure  and  one 
pound  above  the  atmosphere,  and  the  other  half  below  the  latter 
pressure.  It  might  be  said,  in  explanation,  that  the  work  of  expan¬ 
sion  can  be  considered  as  equal  to  the  pressure  times  the  volume;  but 
it  is,  perhaps,  not  often  realized  that  the  volume  of  steam  will  nearly 
double  in  expanding  from  26  in.  vacuum  to  28  in.,  and  that, 
therefore,  the  available  energy  is  great,  although  the  pressure  is  low. 
In  most  condensing  engines,  the  gain  over  non-condensing  conditions, 
as  determined  by  actual  experiment,  does  not  exceed  30%,  even  under 
favorable  conditions  of  steady  load.  Under  average  conditions,  the 
gain  drops  to  25%,  and  under  overload  conditions,  to  a  still  lower 
point.  In  general,  a  condensing  reciprocating  engine,  if  run  non¬ 
condensing,  will  carry  about  70%  of  its  maximum  load,  exhaust¬ 
ing  at,  say,  two  pounds  above  atmospheric  pressure,  and,  if  the 
steam  from  such  an  engine  be  exhausted  into  a  low-pressure  turbine 
with  proper  condensing  facilities,  the  latter  will  develop  nearly  as  much 
work  as  was  developed  by  the  engine  itself,  and  there  will  result 
from  the  two  about  140%  of  the  work  which  might  be  expected 
from  the  reciprocating  engine  alone,  if  run  condensing.  It  is  inter- 
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esting  to  note  that  the  discussion  of  Fig.  25  seems  to  show  a 
possible  theoretical  gain  of  about  40%  over  the  engine  condensing 
at  25  in.  vacuum,  provided  the  turbine  is  run  at  28.5  in.  vacuum. 

Fig.  26  shows  a  study  of  the  possibilities  in  connection  with  a 
Rice-Sargent  engine  which  has  been  operated  for  some  years  in  the 
plant  of  the  General  Electric  Company  at  Schenectady,  N.  Y.  This 
unit  operates  a  250-v.  direct-current  generator,  and  ordinarily  runs 
with  a  load  of  1,200  kw. 
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Fig.  26.  Curves  Showing  Economy  of  Engine  with  Low-Pressure  Turbine. 


♦The  tests  were  made  accurately  by  weighing  condensed  steam,  the  effect 
of  vacuum  being  determined  by  holding  the  steam  flow  constant,  and  chang¬ 
ing  the  vacuum.  The  curves  show  performance  under  condensing  and  non¬ 
condensing  conditions,  and  also  show  what  could  be  accomplished  by  this 
engine  in  combination  with  a  good  low-pressure  turbine.  The  rates  of  gain 
here  shown  will  seem  extraordinary,  but.  they  are  fairly  representative  of  the 
possibilities  in  the  average  condensing  engine  plant.. 

Referring  to  the  curve-sheet,  note  that  the  upper  curve  represents  the 
engine  operating  non-condensing  at  810  kilowatts,  the  steam  consumption 
being  30.6  pounds  per  kilowatt.  With  the  load  increased  to  1,065  kilowatts, 
the  steam  consumption  is  still  30.6  per  kilowatt  and  with  the  load  increased 
to  1,265  kilowatts,  the  steam  consumption  is  33.6  ipounds.  Operating  under 
these  conditions,  1,265  kilowatts  is  practically  the  maximum  capacity  of 
the  unit. 

Now,  operating  condensing  with  a  capacity  of  1,140  kilowatts,  the  steam 
consumption  is  22  pounds  per  kilowatt;  at  1,320  kilowatts,  the  steam  consump¬ 
tion  is  24.6  pounds  per  kilowatt;  and  operating  at  1,470  kilowatts,  the  steam 
consumption  is  28.8  pounds  per  kilowatt.  Note,  however,  that  the  maximum 
capacity  of  the  unit  has  been  increased  from  1,265  to  1,470  kilowatts. 


♦From  a  paper  by  Chas.  B.  Burleigh,  on  the  “Low-Pressure  Steam  Turbine.” 
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Now,  by  the  assistance  of  the  low-pressure  turbine,  vacuum  conditions 
remaining  the  same,  the  steam  consumption  at  1,550  kilowatts  is  15.6  pounds 
per  kilowatt,  at  2,020  kilowatts,  the  steam  consumption  is  15.4  pounds  per  kilo¬ 
watt;  and  at  2,500  kilowatts,  the  steam  consumption  is  17  pounds  per  kilowatt. 
By  this  combination,  the  maximum  output  of  the  unit  has  been  increased  from 
1,265  kilowatts,  non-condensing,  to  2,500  kilowatts,  or  from  1,470  kilowatts 
condensing,  to  2,500  kilowatts. 

It  must  not  be  thought  that  all  this  gain  can  be  attained  with 
no  compensating  loss.  In  the  first  place,  a  surface  condenser,  to 
maintain  28.5  in.  vacuum,  must  be  about  twice  the  size  of  one  to 
maintain  26  in.,  and  requires  special  apparatus  that  is  not  only  costly, 
but  difficult  to  maintain.  Again,  the  cost  of  maintaining  a  28.5  in. 
vacuum  is  very  much  more  than  that  of  maintaining  a  26-in.  vacuum, 
leaving  out  of  consideration  the  extra  cost  of  condenser  and  cooling 
water.  After  all,  it  is  the  dollars  and  cents  that  determine  the  best 
efficiency,  and  it  is  poor  economy  to  obtain  the  extra  power  at  a 
greater  cost  than  the  returns  will  warrant.  A  gain  of  35%  or  more  in 
steam  consumption  may  easily  be  effected  by  installing  a  low-pressure 
turbine,  but  the  gain  in  dollars  and  cents  is  seldom  as  great;  just  what 
the  gain  may  be,  must  of  course  depend  upon  the  local  conditions, 
especially  upon  the  conditions  under  which  the  reciprocating  engine 
is  operating.  In  the  majority  of  cases,  such  installations  are  worth 
while,  even  though  used  with  the  usual  vacuum. 

An  interesting  application  of  the  low-pressure  turbine  in  con¬ 
nection  with  rolling  mill  machinery  and  other  intermittent  work, 
has  been  worked  out  by  Professor  Rateau,  and  has  been  made  pos¬ 
sible  by  the  use  of  his  steam  accumulator,  or  regenerator .  This  ap¬ 
paratus  regulates  the  intermittent  flow  of  steam  exhausted  from  the 
rolling  mill  engine,  let  us  say,  and  intended  to  be  used  by  a  low-pres¬ 
sure  turbine.  The  accumulator  may  consist  of  a  large  tank  in  which 
are  numerous  plates  over  which  water  can  flow,  or  may  contain  simply 
water  rapidly  circulated  by  artificial  means.  As  the  exhaust  steam 
from  the  engine  enters  this  accumulator,  it  spreads  out  over  the  ex¬ 
posed  water  surface,  and  some  of  it  is  condensed  if  there  is  an  excess 
of  pressure  due  to  more  steam  being  supplied  by  the  exhaust  than  is 
being  utilized  by  the  turbine.  On  the  other  hand,  if  the  turbine 
utilizes  more  steam  than  is  supplied  by  the  exhaust,  this  causes  a 
lowering  of  the  pressure  in  the  accumulator,  and  a  rapid  vaporiza¬ 
tion  occurs  from  the  exposed  water  surfaces,  tending  to  equalize  the 
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pressure.  The  accumulator  thus  bears  the  same  relation  to  the 
transfer  of  heat  from  the  reciprocating  engine  to  the  turbine  that  a 
fly-wheel  bears  to  the  transfer  of  work  from  the  cylinder  of  the  engine 
to  mill  shafting.  Fig.  27  shows  one  form  of  the  Rateau  accumulator. 
It  must  be  provided,  of  course,  with  a  safety-valve,  set  at  a  pre¬ 


determined  pressure,  and  is  usually  provided  with  a  reducing  valve  from 
the  boiler,  so  that  in  case  the  reciprocating  engine  should  stop  for  a 
considerable  length  of  time,  steam  could  still  be  supplied  to  tne 
turbine  through  the  reducing  valve. 

The  first  apparatus  of  this  kind  was  installed  in  1902,  and  has 
been  very  successful.  The  first  to  be  installed  in  the  United  States  was 
at  the  Wisconsin  Steel  Company,  in  South  Chicago.  In  this  plant, 
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steam  first  goes  to  a  receiver  to  take  out  the  shock  due  to  the  puffs 
of  the  exhaust.  From  here  it  passes  to  the  regenerator.  The 
receiver  is  fitted  with  baffle  plates  and  drains  for  water  and  oil,  by 
means  of  which  they  are  thus  separated  from  the  steam.  This 
accumulator  at  South  Chicago  furnishes  steam  for  a  low-pressure 
Rateau  turbine  which  is  used  to  furnish  electric  power  for  general 
purposes. 

Installation.  The  field  of  the  steam  turbine  is  unfortunately 
limited  in  its  usefulness  by  two  very  important  factors;  first,  its 
relatively  high  speed  of  revolution,  even  when  compounded;  and, 
i  second,  its  non-reversibility.  If,  as  in  marine  work,  reversing  is 
!  absolutely  necessary,  then  another  turbine,  which  runs  idle  ordinarily, 
with  vanes  set  in  the  opposite  way  must  be  fitted  on  the  shaft.  To 
make  this  reversing  turbine  as  small  as  possible,  efficiency  is  sacrificed, 
but  this  is  of  small  consequence,  for  it  is  used  so  little.  It  of  course 
adds  materially  to  the  first  cost  of  the  turbine  and  increases  the 
length  of  the  necessary  floor  space. 

The  first  and  greatest  field  of  turbine  usefulness  is  undoubtedly 
central  station  work  for  the  generation  of  electricity  by  direct-con¬ 
nected  apparatus.  It  also  has  an  important  field  in  driving  blowers, 
centrifugal  pumps,  etc.,  where  high  speed  of  revolution  is  essential. 
In  such  cases,  it  has  a  distinct  advantage,  for  it  may  be  direct-con¬ 
nected,  thus  doing  away  with  the  belting  necessary  if  reciprocating 
engines  were  used.  The  turbine  has  been  suggested  to  some  extent 
for  driving  mill  shafting,  in  which  case,  of  course,  the  speed  is  belted 
down  from  a  small  pulley  on  the  turbine  to  a  large  one  on  the  counter¬ 
shaft,  but  this  appears  to  offer  no  particular  disadvantage,  for  in 
any  case  belting  would  be  used,  as  the  countershaft  would  never  be 
run  at  the  same  speed  as  the  ordinary  reciprocating  engine. 

In  the  field  of  electric  generation  the  turbine  to-day  has  prac¬ 
tically  superseded  the  reciprocator.  The  number  of  installations 
is  very  great,  and  probably  no  new  central  station  is  now  designed 
for  other  than  steam  turbines.  In  1906  the  Committee  of  the  Na¬ 
tional  Electric  Light  Association,  after  an  extensive  investigation 
of  turbines,  reported  a  wide  use  of  turbines  for  electric  generation, 
and  their  figures  showed  that  about  75%  of  all  the  turbine  units 
of  500  kw.  or  over  already  installed  in  the  United  States,  were  for 
electric  purposes,  and  that  practically  only  one  new  central  station 
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abroad  had  been  found  installing  reciprocating  engines.  The 
distinct  advantage  of  turbines  for  this  work  is  the  uniform  turning 
effort,  the  high  speed  of  rotation  permitting  the  use  of  a  very  much 
smaller  generator,  and  the  smaller  floor  space,  requiring  less  capital 
outlay  in  land  and  engine-house.  These  features  place  it  in  striking 
contrast  with  the  ponderous  slow-moving  Corliss  engine. 

The  General  Manager  of  the  Metropolitan  Street  Railway  Co. 
of  Kansas  City  is  authority  for  the  statement  that  in  that  station 
six  5,000  kw.  units  of  a  well-known  make  of  turbine  could  be  installed 
in  space  previously  occupied  by  three  3,000  kw.  engine-driven 


Fig.  28.  Plan  and  Elevation  of  500-K.  W.  Westinghouse  Turbo-Generator.  This  is 
Same  Scale  as  Fig  29;  Notice  Difference  in  Space  Required. 

units.  Or  in  other  words,  30,000  kw.  of  turbine  power  could  be 
put  into  a  building  where  before  only  9,000  kw.  of  engine  power 
had  been  possible.  This  probably  is  greater  than  would  ordi¬ 
narily  be  met  with,  but  the  difference  in  any  case  is  large,  the  sav¬ 
ing  in  space  depending  upon  the  type  of  turbine.  The  average 
horizontal  turbine  and  generator  with  auxiliary  apparatus  will  occupy 
about  three-fifths  of  the  space  needed  for  a  slow-speed,  engine-driven 
generator  of  the  same  power,  and  a  vertical  turbo-generator  somewhat 
less  space  than  the  horizontal. 

A  further  distinct  advantage  of  the  turbine  is  in  the  fact  that, 
since  there  are  no  valves  to  adjust,  the  efficiency  can  be  lowered  only 
by  wear,  and  then  only  slightly;  on  the  other  hand,  in  reciprocating 
engines,  if  the  valves  are  not  set  exactly  right,  very  poor  economy 
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will  result,  and  the  opportunities  for  wear  are  far  greater  than  in 
turbine  engines.  Again,  the  turbine  can  use  high  degrees  of  super¬ 
heat  because  there  is  no  lubricant  to  burn;  there  is  also  little  danger 
of  entrained  moisture  in  the  steam  wrecking  the  turbine,  and  the 


absence  of  oil  in  the  condensed  steam  greatly  lessens  trouble  in  the 
boiler  if  the  condensation  is  used  for  feed  water.  The  economy  of 
space  was  graphically  illustrated  by  Fig.  1,  and  Figs.  28  and  29  tell 
the  same  story  but  with  different  types  of  engine  and  turbine. 
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Figures  showing  the  relative  space  occupied  by  reciprocators 
and  turbines  are  of  little  value  unless  the  size  of  condenser  and 
condensing  auxiliaries  are  taken  into  consideration,  for,  as  before 
mentioned,  they  may  easily  be,  in  the  case  of  the  turbine,  twice  the 
size  of  those  used  with  a  reciprocating  engine  of  the  same  power. 
The  apparent  saving  of  space,  therefore,  may  be  offset  by  these 
auxiliaries.  By  placing  the  condensers  underneath  the  turbine, 
as  is  frequently  done  at  the  present  time,  not  only  may  a  consider¬ 
able  amount  of  floor  space  be  saved,  but  the  turbine  can  more  readily 
exhaust  into  the  condenser.  As  we  have  already  seen,  at  high  vacuum 
the  volume  of  steam  is  very  large,  and  the  exhaust  pipe  from  the 
turbine  will  be  proportionally  large.  It  would  thus  appear  that  to 
have  the  condenser  any  great  distance  from  the  low-pressure  end  of 
the  turbine  would  be  not  only  a  distinct  disadvantage,  but  offer  a 
considerable  practical  difficulty. 

Turbines,  as  we  have  seen,  require  very  much  smaller  founda¬ 
tions  than  reciprocating  engines  of  the  same  power,  and  these  founda¬ 
tions  will  therefore  cost  very  much  less.  It  is  hard  to  get  a  direct 
comparison  between  turbines  and  reciprocating  engines  as  a  class, 
because  the  foundations  for  high-speed  reciprocating  engines  will 
not  be  as  massive  as  for  the  heavier,  low-speed  engines.  The  tur¬ 
bine,  occupying  less  floor  space,  will  require  smaller  buildings  and 
less  land,  and  this  will  in  a  number  of  cases  be  a  substantial  saving 
in  first  cost  and  subsequent  interest  charges. 

So  far  as  the  first  cost  of  a  generating  plant  goes,  there  is  at 
the  present  time,  very  little  difference  between  those  using  reciproca¬ 
ting  and  those  using  turbine  engines.  The  turbine  itself  costs  more 
than  the  reciprocating  engine  of  the  same  power,  but  on  the  other 
hand  the  generator  for  the  turbine  costs  very  much  less.  Again, 
the  condenser  and  pumps,  if  high  vacuum  is  to  be  maintained,  will 
cost  two  or  three  times  as  much  as  for  the  reciprocating  set,  while 
the  cost  of  erection  is  decidedly  in  favor  of  the  turbine.  It  is  not 
easy  to  get  a  direct  line  on  the  relative  cost  of  turbine  and  engine 
installations,  for  the  figures  available  appear  to  vary  about  as  much 
between  reciprocating  engines  and  turbines  as  might  be  expected 
to  be  found  between  various  installations  of  reciprocating  engines, 
and  undoubtedly  turbine  installations  in  some  cases  cost  relatively 
more  than  in  others.  It  seems  probable  that  the  cost  of  the  turbine  is 
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regulated  more  by  the  cost  of  the  reciprocating  engine  with  which 
it  has  to  compete,  than  by  the  actual  cost  of  manufacturing  the 
turbine.  All  in  all,  there  is  likely  to  be  a  somewhat  less  cost  of  com¬ 
plete  installation  in  favor  of  the  turbine,  but  the  difference  will  not 
be  large  in  any  case,  and  in  powers  under  about  100  kw.,  it  is 
probable  that  the  engine  installation  is  fully  as  cheap.  This  does  not 
take  into  account  the  value  of  land  and  buildings,  which  in  all  cases  is 
an  important  factor  in  favor  of  the  turbine. 

Performance.  The  losses  occurring  in  the  steam  turbine  con¬ 
sist  principally  of  loss  of  velocity  of  the  steam  itself  due  to  friction 
in  contact  with  the  vanes  and  guides;  friction  of  the  disks  revolving 
through  a  chamber  filled  with  steam;  eddying  of  the  steam  jet,  due 
to  improper  speed  of  the  revolving  disks;  radiation;  bearing  friction. 
The  two  latter  items  are  not  large,  and  under  ordinary  conditions 
would  consume  less  than  2%  of  the  power. 

The  most  important  losses  are  due,  first,  to  the  friction  of  the  steam 
jet  against  the  vanes  and  guides,  which  will  be  approximately  propor¬ 
tional  to  the  cube  of  the  velocity  of  the  steam  relative  to  the  vanes 
or  guides,  and  second,  to  the  considerable  amount  of  friction  of  the 
disks  as  they  revolve  in  the  chamber  filled  with  steam.  This  friction 
generates  heat  which  raises  the  temperature  of  the  steam  and  metal 
parts  and  thus  causes  the  re-evaporation  of  some  of  the  condensed 
moisture.  Since  this  adds  some  heat  to  the  expanding  steam,  the 
expansion  is  not  absolutely  adiabatic.  The  smoother  the  revolving 
wheels  are  made,  the  less  will  be  this  friction,  a  fact  well  illustrated  by 
a  reported  improvement  of  about  1%  in  steam  consumption  which 
was  effected  in  a  well-known  make  of  turbine  by  making  the  riveting 
on  the  revolving  disks  perfectly  flush.  To  these  losses  may  properly 
be  added  the  generator  losses  which,  of  course,  are  a  factor  of  the 
speed  of  revolution. 

With  either  reciprocating  engines  or  turbines,  the  steam  economy 
is  much  better  in  large  than  in  small  units,  and  especially  is  this 
true  of  the  turbines  of  the  reaction  type.  In  small  turbines  of  this 
type,  the  steam  friction  is  high  and  the  leakage  large,  and  this  makes 
it  undesirable  to  build  this  type  of  turbine  in  sizes  much  below  500 
kw.  For  the  impulse  type  of  turbine,  these  losses  are  not  as  impor¬ 
tant  in  the  smaller  powers,  and  DeLaval,  Curtis,  and  Rateau  turbines 
of  comparatively  small  power  can  be  built  to  give  nearly  as  good 
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steam  economy  as  ’larger  turbines  of  the  same  type,  and  can  easily  >■ 
excel  small  reciprocating  engines. 

The  steam  consumption  of  the  turbine  depends  naturally  I 
enough  upon  the  vacuum,  steam  pressure,  degree  of  superheat, 
variation  in  load,  and  variation  in  speed.  It  has  already  been 
explained  that  the  turbine  can  utilize  the  lower  ranges  of  vacuum 
far  better  than  can  the  reciprocating  engine,  but  it  could  not,  in  all  prob¬ 
ability,  use  the  higher  pressure  ranges  with  as  good  economy  as  the 
best  reciprocating  engines.  If  the  turbine  runs  at  a  vacuum  of  27  in., 
its  steam  consumption  will  be  practically  on  a  par  with  that  of  the 
reciprocating  engine,  and  it  will  show  a  gain  of  about  one-half  pound 
of  steam  per  kw.-hr.  for  each  extra  inch  of  vacuum,  below  25  in.  But 
from  the  saving  effected  by  this  one-half  pound  of  steam  must  be 
deducted  the  extra  cost  of  maintaining  the  high  vacuum,  if  the  real 
economy  is  desired.  Not  only  can  the  turbine  theoretically  utilize 
the  greater  vacuum  to  better  advantage,  but  it  has  an  advantage  also 
in  a  practical  way,  because  with  the  reciprocating  engine,  a  very  high 
vacuum  cools  the  cylinder  walls  and  thus  causes  a  relatively  large 
initial  condensation,  which  difficulty  is  not  met  with  in  the  turbine, 
the  high  vacuum  having  no  detrimental  effect.  It  thus  has  both  a 
theoretical  and  practical  advantage. 

Superheated  steam,  whether  used  in  the  reciprocating  engine 
or  in  the  turbine,  will  reduce  the  steam  consumption;  but  in  the  re¬ 
ciprocating  engine,  superheating  cannot  be  carried  very  high,  as 
the  cylinder  lubricant  is  likely  to  be  burned,  and  there  will  be  little 
condensation  in  the  cylinder  to  help  out  the  lubrication.  The  tur¬ 
bine  is  not  handicapped  in  this  way,  but  nevertheless  high  degrees 
of  superheat  are  likely  to  cause  trouble  due  to  unequal  expansion  in 
the  casing,  the  temperature  at  the  high-pressure  end  being  so  much 
greater  than  that  at  the  low-pressure  end.  This  expansion  is  trouble 
some,  but  should  be  provided  for  in  the  design. 

Superheat  affects  the  economy  of  the  steam  engine  in  two  ways ; 
it  carries  additional  heat  units  into  the  cylinder,  and  lessens  con¬ 
densation.  It  also  helps  in  the  turbine  in  two  ways;  it  carries 
additional  heat  into  the  turbine,  and,  being  less  dense  than  saturated 
or  moist  steam,  causes  less  friction  within  the  turbine,  and  thus 
effects  a  mechanical  as  well  as  a  theoretical  gain.  It  is  generally 
reported  that  the  gain  is  10%  for  each  100°  of  superheat,  but  tests 
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which  appear  to  be  thoroughly  reliable  do  not  seem  to  bear  out  this 
claim.  7£%  to  8%  is  a  better  figure. 

The  saving  in  steam  will  be  from  1.5  to  1.75  pounds  per 
kw.-hr.  for  each  100°  of  superheat,  but  the  real  economy  resulting 
from  this  superheat  will  be  the  difference  beween  the  value  of 
this  saving  in  steam  and  the  cost  of  superheating.  The  superheating 
plant  costs  more,  not  only  for  the  additional  expense  pf  the  super¬ 
heater,  but  for  piping,  valves,  etc.  Cast-steel  fittings,  and  valves 
with  nickel-steel  valve  stems,  are  usually  required  for  high  degrees 
of  superheat. 

The  usual  steam  pressure  in  turbine  work  is  about  150  pounds 
gauge.  If  lower  than  this,  some  gain  in  steam  consumption  may  be 
had  by  an  increase  in  boiler  pressure,  but  an  increase  over  150  pounds 
does  not  appear  to  be  productive  of  great  economy.  A  reference  to 
Fig.  25  will  readily  show  that  increasing  the  pressure  aboye  150 
pounds  will  add  very  little  to  the  area  of  available  work.  Fig.  30 
shows  the  curves  of  economy  of  a  30-H.  P.  turbine  at  different  steam 
pressures.  The  gain  is  less  and  less  the  higher  the  pressure  becomes, 
and  is  small  from  75  to  100  pounds.  From  35  to  100  pounds  the 
gain  is  about  33 i%,  but  this  grin  is  not  due  entirely  to  the  rise  in 
steam  pressure. 

The  study  of  steam  nozzles  has  shown  that  to  use  steam  efficiently', 
the  nozzle  must  be  properly  designed  with  reference  to  both  the 
initial  and  final  pressures.  Now,  if  the  nozzle  on  this  turbine  were 
designed  for  100  pounds  p^::ure,  it  could  neither  utilize  steam 
economically  at  35  pounds,  nor  at  150  pounds  pressure.  To  show 
the  real  gain  due  to  an  increase  in  steam  pressure,  it  would  be 
necessary  to*  have  nozzles  in  each  case  that  were  designed  for  the 
specific  pressures  used.  Then,  and  only  then,  would  the  curves 
show  the  true  gain  due  to  increase  in  pressure.  But  a  study  of 
Fig.  25  shows  that  if  the  theoretical  gain  is  small  the  practical  gain 
cannot  be  large.  It  must,  moreover,  be  borne  in  mind  that  a  high- 
pressure  plant  costs  more  than  a  low-pressure  plant,  and  for 
stationary  work  very  high  pressures  will  not  pay.  On  shipboard, 
where  space  and  weight  are  at  a  premium,  it  may  be  good  engineering 
policy  to  install  very  high  pressures,  even  though  the  first  cost  is 
greater. 

Fig.  31  shows  the  curves  for  a  600-kw.  Curtis  turbine  with  vary- 
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ing  pressures.  In  this  type  of  turbine,  the  same  conditions  exist  as 
in  the  previous  one,  the  nozzles  being  designed  for  only  one  pressure. 

The  economy  of  a  turbine  varies  with  the  load,  as  does  the  econ¬ 
omy  of  the  reciprocating  engine,  but  not  perhaps  to  as  marked  an 
extent,  and  the  economy  depends  of  course  upon  the  type  of  tur¬ 
bine.  Turbines  like  the  DeLaval  and  Curtis  admit  steam  through 
a  number  of  nozzles  which  are  opened  and  closed  either  automatically 
by  the  governor  or  by  hand.  At  normal  load,  about  two-thirds  of  these 
nozzles  would  be  open  and  a  50%  overload  could  then  be  carried 
with  all  nozzles  open.  In  the  Parsons  turbine,  steam  is  admitted 
all  around  the  circumference  of  thes  drum  but  the  admission  is  in¬ 
termittent.  For  heavy  loads  the  valve  remains  open  for  longer  in- 
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tervals,  and  when  the  load  is  such  that  the  valve  remains  open  all  the 
time,  further  overloads  can  be  provided  for  only  by  resorting  to  a  by¬ 
pass  which  admits  high-pressure  steam  to  the  second  stage  of  the 
turbine.  In  such  cases,  of  course  the  economy  falls  off,  for  the 
steam  does  not  get  the  benefit  of  full  expansion.  At  low  loads,  there 
is  not  a  great  deal  of  choice  between  the  different  types  of  turbine, 
but  those  that  can  carry  a  large  overload  without  opening  a  by-pass 
are  bound  to  be  the  most  economical  under  these  conditions. 

Overload  is  taken  care  of  in  a  reciprocating  engine  by  increasing 
the  cut-off,  but,  as  this  reduces  the  number  of  expansions,  this  method 
is  uneconomical.  For  small  ranges  of  load,  the  relative  economy  of 
turbine  and  reciprocator  are  not  very  different,  but  the  effective 
range  of  the  turbine  is  much  greater  than  for  the  reciprocating  engine. 
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A  good  turbine  will  carry  100%  overload  for  a  short  time  and  will 
carry  50%  to  60%  overload  on  approximately  10%  more  steam. 
Fig.  32  shows  characteristic  curves  of  steam  consumption  at  varying 

loads. 

A  variation  in  speed  of  the  turbine  within  moderate  limits  does 
not  materially  affect  the  economy.  The  best  speed  of  the  vanes 
(see  Page  17)  is  half  the  velocity  of  whirl  (J  V  cos  a).  Moderate 
departures  from  this  speed  do  not  materially  affect  the  economy, 
provided  the  entrance  angles  of  the  vanes  are  such  that  the  steam 
jet  strikes  without  shock, 
the  speed,  and  once  fixed, 
any  variation  in  speed 
must  of  course  cause  the 
steam  jet  to  spatter  and 
form  eddies,  a  source  of 
material  loss.  This  is 
entirely  apart  from  the 
question  of  whether  or  not 
the  designed  speed  of  ro¬ 
tation  is  the  most  econom¬ 
ical.  To  avoid  spatter¬ 
ing  and  eddy  losses,  the 
vane  angle  must  change 
with  the  speed,  which  is 
evidently  impossible 

A  rapid  change  in  load  will  cause  cylinder  condensation  in  a 
reciprocating  engine,  so  that,  on  test  under  steady  load,  the  engine 
is  likely  to  show  up  better  than  it  would  under  service  conditions. 
With  the  turbine,  this  is  not  so.  Here  there  is  no  such  condensa¬ 
tion,  and  the  performance  under  test  is  far  more  likely  to  agree  with 
performance  under  service  conditions.  Both  types  of  motor  will 
fall  off  under  service  conditions,  but  if  an  engine  and  turbine  do 
equally  well  under  test,  under  such  widely  varying  conditions  as 
exist  in  a  central  station,  for  instance,  the  turbine  ought  to  show 
up  better  in  actual  service. 

A  reciprocating  engine  is  usually  designed  for  a  low  average 
load  and,  therefore,  it  will  permit  a  relatively  large  increase  in  load, 
but  it  is  generally  working  on  a  slight  underload,  and  hence  at  less 


The  angle  of  the  vane  must  depend  upon 


Fig.  31.  Economy  Curves  of  600-K.  W.  Curtis  Tur¬ 
bine  with  Different  Steam  Pressures. 
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than  the  maximum  efficiency.  The  turbine,  on  the  other  hand,  is 
usually  designed  for  its  normal  and  most  economical  load,  taking 
care  of  overload  by  opening  more  nozzles  at  theoretically  the  same 
efficiency,  or  by  opening  a  by-pass  at  somewhat  less  efficiency.  This 
should  give  the  turbine  a  still  further  advantage  at  the  end  of  the 
day’s  work. 

Tests.  Tests  of  reciprocating  engines  usually  give  steam  in 
pounds  per  indicated  horse-power  per  hour,  but  there  being  no 


Fig.  32.  Economy  Curves  of  Turbines  and  Compound  Corliss  Engine  with 
Varying  Loads. 

indicated  horse-power  for  a  turbine,  the  comparison  must  be  made 
on  some  other  basis.  Brake,  or  shaft  horse-power  may  readily  be 
obtained  for  a  turbine,  and  in  engine  tests,  where  the  brake  horse¬ 
power  has  been  determined,  there  is  of  course  opportunity  for  a 
direct  comparison.  However,  since  engineers  are  in  general  more 
familiar  with  steam  rates  per  I.  H.  P.,  it  seems  well  to  consider 
how  a  comparative  I.  H.  P.  may  be  had  for  the  turbine.  Various 
tests  to  determine  the  relation  between  brake  and  indicated  power 
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on  reciprocating  engines  seem  to  show  that  92%  is  a  fair  figure 
for  a  good  engine.  92%  then  of  the  steam  rate  per  brake  horse¬ 
power  would  give  the  rate  per  comparative  indicated  horse-power. 

The  largest  field  for  the  steam  turbine  being  central  station 
work,  it  follows  that  by  far  the  larger  number  of  turbine  tests  are 
quoted  in  terms  of  electrical  units.  It  is  costly  to  fit  a  brake  for 
a  large  turbine  and  entirely  useless  when  the  power  delivered  at  the 
switchboard  can  be  read  off  at  once.  For  electrical  work,  of  course 
reciprocating  engine  tests  are  often  quoted  in  the  same  electrical 
units,  in  which  case,  there  are  abundant  opportunities  for  direct 
comparison. 

Suppose,  however,  that  it  is  desired  to  compare  steam  per 
I.  H.  P.  with  a  corresponding  rate  per  kilowatt-hour  at  the  switch¬ 
board.  1  kw.  =  1.34  electric  horse-power  measured  on  the  switch¬ 
board,  which  is  evidently  shaft  or  brake  output  less  losses  in  the 
generator.  Since  the  efficiency  of  a  good  generator  is  not  far  from 
95%,  the  brake  horse-power  will  be  equal  to  the  electric  horse-power 
95 

divided  by  We  may  say,  therefore,  in  ordinary  cases,  that 


since  we  assume,  that 


B.  H.  P.  = 
B.  H.  P. 


1.34  X  kw. 


.95 


92 

I.  H.  P.  “  100’ 


we  have  I.  H.  P.  =  q  95  x  0  92  =  kw.  approximately. 

Steam  per  kw.-hr.  then,  divided  by  1.53  would  give  the  steam  per 
comparative  indicated  horse-power  per  hour,  or 

steam  per  I.  H.  P.-hr.  Xl-53  =  steam  per  kw.-hr. 

A  turbine  using  20  lbs.  of  steam  per  kw.-hr.  would  be  about  on  a  par 

20 

with  a  reciprocating  engine  using  =  13  lbs.  per  I.  H.  P. 


In  comparing  the  performance  of  one  engine  with  the  perform¬ 
ance  of  another,  or  one  turbine  with  another,  or  an  engine  with  a 
turbine,  pounds  of  steam  per  horse-power  per  hour  is  generally  the 
rough  basis  of  comparison,  but  this  is  very  crude  and  often  mislead¬ 
ing.  For  instance,  one  test  may  be  made  with  superheated  steam 
and  another  with  saturated  or  even  moist  steam,  or  one  may  have  a 
higher  steam  pressure,  or  the  vacuums  may  be  different. 
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To  get  an  approximately  intelligent  comparison,  all  tests  should 
be  reduced  to  a  standard  degree  of  superheat,  pressure,  and  vacuum, 
or  better  still,  if  the  comparison  is  between  two,  correct  both  to  the 
average  conditions  of  the  two.  The  corrections  applied  are  more 
or  less  arbitrary,  and  it  is  manifestly  unfair  to  apply  them  all  to 
either  test.  If  each  is  corrected  for  half  the  difference,  a  much  more 
reliable  comparison  is  likely  to  result. 

It  is  generally  accepted  that  the  steam  consumption  will  de¬ 
crease  about  8%  for  each  100°  of  superheat,  about  5%  for  each  inch 
of  vacuum  below  28  in.,  and  about  5%  for  50  lbs.  rise  in  steam  pres¬ 
sure  between  100  and  150  lbs.,  and  3%  for  similar  rise  between 
150  and  200  lbs.  The  manufacturer  usually  gives  guarantees  of 
steam  rates  for  various  pressures,  vacuums,  and  degrees  of  super¬ 
heat.  When  such  figures  are  available,  it  is  probable  that  their 
use  would  lead  to  more  satisfactory  results  than  if  the  rough  approxi¬ 
mations  mentioned  above  were  used,  but  such  figures  would  be  cor¬ 
rect  only  for  the  one  individual  turbine,  and  in  the  large  majority 
of  cases  the  engineer  is  compelled  to  use  the  approximations.  They 
are  in  most  cases  fair  and  satisfactory  in  the  absence  of  definite  data. 

To  illustrate  this  method,  consider  a  turbine  at  177.5  lbs.  (gauge) 
steam  pressure,  vacuum  27.3  in.,  superheat  96°  F.,  consuming  15.15 
lbs.  steam  per  kw.-hr.,  and  another  using  179  lbs.  steam  pressure, 
29.5  in.  vacuum,  and  116°  F.  superheat,  consuming  13  lbs.  of  steam 
per  kw.-hr.  The  average  conditions  are  178.2  lbs.  steam  pressure, 
28.40  in.  vacuum,  and  106°  F.  of  superheat. 

The  work  will  appear  clearer  if  arranged  in  tabular  form  as 
in  Table  I. 


TABLE  I 

Steam  Consumption  Tests 


Turbine,!£1 

Turbine  42 

Average 

Conditions 

Turbine  41 
Correction 

% 

Turbine  ^2 
Correction 

% 

Steam  bt  Gauge 

177.5  lbs. 

179  lbs. 

178.2  lbs. 

0 

0 

Vacuum 

27.3  in. 

29.5  in. 

28.4  in. 

-5.5% 

+5.5% 

Super-heat 

96°P. 

116°F. 

106°F. 

-0.8% 

+  0.8% 

Steam  )  Observed 

15.15  lbs. 

13  lbs. 

-6.3%  or 

+6.3%  or 

PER  > 

Kw.-Hr.  )  Correct’d 

14.19  lbs. 

13.82  lbs. 

-0.96  lb. 

+0.82  lb. 
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The  correction  for  steam  pressure,  being  only  for  .7  lbs.,  is  too 
small  to  be  of  consequence  in  this  case.  The  vacuum  correction  is 
i  1.1  inches,  and  at  5  %  per  inch  (the  decrease  in  steam  consumption 
for  each  inch  of  vacuum,  as  explained  on  Page  52),  the  correction  would 
be  ±5  2%.  The  superheat  correction  is  for  10°,  or,  as  the  decrease 
in  steam  consumption  for  100°  of  superheat  is  8%,  this  will  be  tV 
8%  —  0.8%.  The  sum  of  these  corrections  gives  ±6.3%,  making 
.96  lbs.  to  be  subtracted  from  turbine  #1,  and  .82  lbs.  to  be  added  to 
turbine  #2.  The  final  steam  consumptions,  then,  which  should  be 
compared  are  14.19  lbs.  and  13.82  lbs.  instead  of  15.15  lbs.  and  13 
lbs.  Turbine  #2  appears,  therefore,  to  use  about  3%  less  steam 
than  turbine  #1  under  similar  conditions. 

Another  and  perhaps  more  satisfactory  method  of  comparison 
is  by  means  of  the  heat  units  used.  This  computation  may  be  made 
readily  from  the  steam  tables.  Using  the  same  tests  as  given  above, 
turbine  #1  uses  steam  at  177.5  lbs.  gauge  pressure  =  192.2  absolute, 
at  which  pressure  each  pound  of  dry  saturated  steam  contains  1197 
B.  T.  U.  If  we  allow  \  B.  T.  U.  for  each  degree  of  superheat,  then, 
for  96°  F.  we  should  add  96 X. 5  =  48  B.  T.  U.,  and  each  pound 
would  then  contain  1245  B.  T.  U.  at  admission.  If  this  steam  is 
condensed  at  a  pressure  of  27.3  in.  vacuum  =  1.33  lbs.  absolute, 
each  pound  of  the  condensation  will  contain  80  B.  T.  U.  which  will 
be  returned  to  the  boiler  in  the  feed  water.  The  net  amount  then 
consumed  by  the  turbine  and  carried  away  by  the  cooling  water 
of  the  condenser  is  1245  —  80  =  1165  B.  T.  U.  per  pound.  15.15 
lbs.  would  represent  15.15  X  1165  =  17,650  B.  T.  U.  per  hr.  or  294 
B.  T.  U.  per  kilowatt  per  minute. 

Turbine  #2  uses  13  lbs.  of  steam  at  179  lbs.  gauge  pressure  and 
116°  F.  superheat,  condensing  at  29.5  in.  vacuum.  In  this  case,  each 
pound  of  dry  steam  at  admission  would  contain  1197.3  B.  T.  U. 
and  116°  F.  superheat  would  add  about  58  B.  T.  U.  more,  making 
1255.3  B.  T.  U.  per  pound.  Condensing  at  29.5  in  vac.  =  .25  lbs. 
absolute,  each  pound  of  condensed  water  would  contain  27  B.  T.  U. 
to  return  to  the  boiler  in  feed  water,  leaving  1255.3  -  27  =  1228.3 
B.  T.  U.  to  be  used  by  the  turbine.  13  lbs.  would  represent 

13  X  1228.3  _  ggg  B.  T.  U.  per  min.  to  compare  with  294  in  the 

60  r 
previous  case. 
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Here,  again,  the  direct  comparison  is  likely  to  be  misleading, 
unless  due  account  is  taken  of  the  difference  in  conditions.  The 
gain  is  apparently  about  10%  in  favor  of  turbine  #2  on  the  heat  unit 
basis  taken  under  the  actual  working  conditions  of  each,  but  the  fact 
must  not  be  lost  sight  of,  that  turbine  #2  is  working  under  more  favor¬ 
able  conditions  of  vacuum  and  ought  to  show  a  much  better  efficiency. 
It  appears  from  this  discussion  that  both  turbines  work  under  the 
conditions  of  design  with  but  little  difference  in  actual  economy. 

Turbine  manufacturers  are  in  the  habit  of  reporting  tests  of 
the  turbine  only,  no  account  being  made  of  the  auxiliary  apparatus. 
This  is  manifestly  misleading,  for  with  a  29-in.  vacuum,  the  power 
consumed  by  auxiliaries  may  easily  be  twice  what  it  would  be  for  a 
27-in.  vacuum.  This  extra  power  and  the  cost  of  maintaining  it 
in  a  measure  goes  to  offset  the  gain  due  to  the  higher  vacuum. 
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PART  II 


COMMERCIAL  TURBINES 

*In  this  description  of  commercial  turbines  it  will  be  convenient 
to  classify  them  as  follows: 


I.  Impulse 
Turbines 


Single-Stage  Type 


Compound  Type 


II.  Reaction  Turbine 
III.  Combined  Impulse  and  Reaction  Turbine 


^Compounding  by  Velocity  Steps  only 

I  Compounding  by  Pressure  Stages  only 

'Compounding  by  both  Velocity  Steps 
{  and  Pressure  Stages 


IMPULSE  TURBINES 
SINGLE=STAGE  IMPULSE  TURBINES 

Probably  the  simplest  type  of  turbine  is  the  one  with  a  single 
stage,  that  is,  a  single  set  of  nozzles  and  a  single  rotating  wheel, 
but,  as  already  pointed  out,  the  velocity  of  rotation  in  a  turbine  of 
this  sort  is  usually  so  great  that  some  device  must  be  employed  to 
reduce  the  rotational  velocity.  This  may  be  done  in  two  ways. 

As  has  been  previously  stated,  the  feature  of  importance  is 
not  the  rotative  speed  but  the  peripheral  velocity  of  the  wheel,  which 
is  somewhat  less  than  one-half  the  steam  velocity.  Maintaining 
this  peripheral  velocity  constant,  turbine  rotors  of  comparatively 
small  diameter  may  be  used,  the  high  rotative  velocity  being  reduced 
by  means  of  gearing;  or,  the  diameter  of  the  turbine  rotor  may  be  increased , 
the  rotative  speed  thereby  being  reduced  in  the  same  ratio  that  the 
diameter  of  the  wheel  is  increased. 

*Many  writers  group  by  themselves  all  turbines  using  buckets  of  the  Pelton  type,  but 
this  does  not  seem  to  be  a  proper  classification,  as  it  is  the  action  of  steam  in  the  turbine  that 
makes  it  belong  to  a  certain  type,  and  not  the  style  of  bucket  that  is  used.  Turbines  using  Pelton 
buckets  may  belong  to  any  of  the  impulse  groups. 
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Both  of  these  methods  have  been  employed  in  turbines  which 
have  been  put  on  the  market,  the  first  method  being  characteristic 
of  the  De  Laval  turbine,  and  the  second,  of  the  earlier  forms  of  the 
Riedler-Stumpf  machine.  The  manufacturers  of  the  latter  dis¬ 
carded  this  scheme  in  their  later  designs  in  favor  of  a  compound 
turbine  of  some  sort. 

De  Laval  Turbines.  The  turbine  designed  and  developed  by 
Dr.  Gustav  De  Laval  of  Sweden  was  among  the  first  to  be  commer¬ 
cially  successful.  His  first  turbine,  which  was  used  to  run  the  famous 
De  Laval  cream  separators,  was  of  the  pure  reaction  type,  similar 


Fig.  33.  Principle  of  Operation  of  De  Laval  Steam  Turbine 


in  action  to  the  old  Hero  engine.  This  turbine  was  not  economical 
in  steam  consumption,  but,  as  it  was  used  for  very  small  powers  only, 
this  factor  was  not  important,  and  commercially,  the  machine  was 
very  successful.  This  success  led  to  the  desire  to  build  larger  tur¬ 
bines,  and  in  developing  them  the  reaction  principle  was  abandoned. 

The  essentials  of  the  motor  element  of  the  De  Laval  turbine  are 
Illustrated  by  their  familiar  trade-mark,  shown  in  Fig.  33.  They 
consist  of  a  rotating  disk,  having  vanes  on  its  periphery ;  a  number  of 
hozzles  in  which  the  steam  is  expanded  from  boiler  pressure  to  the 
pressure  in  the  exhaust  chamber  and  delivered  in  a  jet  against  the 
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vanes,  a  shaft  to  which  the  rotating  wheel  is  fixed,  so  arranged  that 
at  high  speed  the  rotating  element  can  revolve  about  its  own  center 
of  gravity*  instead  of  its  geometrical  center;  and  a  set  of  reducing 
gears  to  reduce  the  high  rotative  speeds  to  the  desired  amount. 
It  is  an  impulse  turbine  with  a  single  wheel  carrying  one  row  of 
buckets,  and  is  a  single-stage  turbine  in  all  respects.  The  steam  is 
directed  against  the  vanes  from  nozzles  with  flaring  sides,  which 
are  so  designed  as  to  give  it  the  maximum  velocity  and  to  expand  it 
within  the  confines  of  the  nozzle  to  the  pressure  in  the  exhaust 
chamber,  thus  transforming  all  of  the  heat  energy  of  the  steam  into 
kinetic  energy.  The  nozzles  deliver  the  steam  jets  at  the  side  of  the 
wheel,  and  for  a  maximum  efficiency  should  make  as  small  an  angle 
as  possible  with  the  plane  of  rotation.!  In  the  De  Laval  machine 
this  angle  is  20  degrees. 

For  small  turbines,  the  entrance  and  exit  angles  of  the  vanes 
are  32  degrees,  increasing  to  36  degrees  for  the  larger  sizes.  Under 
these  conditions  the  best  peripheral  velocity  will  be  about  1900  feet 
per  second  while  the  velocity  of  the  steam  issuing  from  the  nozzles  is 
4000  feet  per  second.  In  most  impulse  turbines  the  peripheral 
velocity  varies  from  1400  in  the  larger  sizes  to  500  in  the  smaller 
sizes.  These  speeds  are  high,  even  for  turbine  work,  and  necessitate 
the  solution  of  very  interesting  engineering  problems.  These 
velocities,  with  the  diameters  used  for  De  Laval  machines,  mean 
revolutions  of  about  10,600  per  minute  in  the  larger  sizes  and  30,000 
per  minute  in  the  smaller  sizes,  these  speeds  being  reduced  by  helical 
gears  to  approximately  900  and  3000  revolutions  per  minute,  respec¬ 
tively. 

In  the  small-sized  turbines  this  gearing  consists  of  a  pinion  and 
a  single  gear,  but  in  the  larger-sized  turbines  there  is  a  single  pinion 
with  a  gear  on  each  side.  This  method  has  the  advantage  of  dis¬ 
tributing  half  the  load  on  each  gear,  thus  lowering  the  pressure  on  the 
teeth  and  eliminating  the  side  pressure  on  the  bearings  of  the  flexible 
shaft. 

Nozzles.  The  nozzles  are  set  in  the  casing  in  which  the  wheel  is 
enclosed  and  are  opened  and  closed  by  means  of  hand  valves.  A 

*  Lack  of  uniformity  in  the  density  of  the  steel  might  cause  the  center  of  gravity  of  the 
wheel  to  be  outside  of  its  geometrical  axis. 

fPage  17,  Part  I. 
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detail  of  the  nozzle  and  valve  is  shown  in  Fig.  34.  A  is  an  annular 
space  in  the  easing  acting  as  a  steam  chest,  C  is  the  valve  which 
permits  opening  or  closing  of  the  nozzle,  and  B  is  the  nozzle  itself. 
The  nozzle  is  fitted  into  a  taper  hole  in  the  casing  and  drawn  into 
place  by  a  nut. 

The  design  of  the  nozzle  naturally  depends  upon  the  pressure 
used,  the  degree  of  superheat,  and  the  vacuum  or  back  pressure. 
The  nozzles  being  easily  removed,  it 'is  apparent  that  a  turbine  can 
readily  be  altered  to  meet  different  conditions  by  inserting  new 
nozzles.  A  condensing  turbine  is  often  equipped  with  an  extra  set 
of  nozzles  designed  for  non-condensing  conditions,  which  may  be 
used  with  better  economy  in  case  the  vacuum  fails. 


There  are  usually  from  2  to  24  nozzles  in  the  casing,  and  the 
power  developed  at  any  time  naturally  is  proportional  to  the  num¬ 
ber  of  nozzles  in  operation.  The  clearance  between  the  wheel  and  the 
nozzle  is  about  J  of  an  inch.  The  clearance  between  the  tips  of  the 
blades  and  the  casing  is  not  a  matter  of  importance,  for  there  is  no 
tendency  to  steam  leakage,  the  pressure  in  all  parts  of  the  casing 
being  practically  the  same  as  the  back  pressure.  This  clearance, 
therefore,  may  be  whatever  practical  conditions  require.  Fig.  35 
is  the  exterior  view  of  the  turbine  and  generator,  showing  nozzles 
and  valves  set  in  the  casing.  By  inserting  nozzles  in  the  holes  which 
are  shown  plugged  in  the  figure,  a  greater  power  can  be  obtained. 

Vanes .  The  vanes  are  of  the  crescent  shape  common  in  impulse 
turbines.  They  are  made  of  drop-forged  steel  which  resists  erosion 
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Fig.  35.  De  Laval  Double-Geared  Turbine  Driving  Direct-Current  Generator  of  Twin  Magnet  Frame  Type 

Courtesy  of  De  Laval  Steam  Turbine  Company,  Trenton,  New  J ersey 
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and  have  bulb  shanks,  as  shown  in  Fig.  36,  which  are  driven  into 
place.  The  outer  ends  of  the  vanes  fit  close  together,  thus  form¬ 
ing  a  continuous  ring,  which  prevents  any  movement  at  the  ends 
of  the  vanes. 

Steam  at  high  velocities,  especially  if  wet,  is  liable  to  cause 
appreciable  wear  on  the  vanes,  the  wear  being  practically  all  on  the 
entrance  side;  but  it  is  not  very  great,  and  tests  of  a  100-horsepower  * 
turbine  have  shown  that  wear  on  the  buckets  could  be  as  great  as  * 
A  of  an  inch  without  increasing  the  steam  consumption  more  than 
3  per  cent,  according  to  the  report  of  the  manufacturers. 

Wheel.  At  the  very  high  speed  employed,  centrifugal  forces 
are  enormous,  hence,  special  high-grade  nickel  steel  must  be  used  in 

the  manufacture  of  the 
rotating  elements.  The 
steel  is  said  to  be  high 
in  carbon  and  to  pos¬ 
sess  a  tensile  strength 
of  approximately  135,- 
000  pounds  per  square 
inch.  The  wheel  is 
shown  in  cross  section  in 
MB Wm  Iji  M  Fig.  37  and  is  designed 

to  be  of  uniform  strength 

Fig.  36.  Drop-Forged  Vanes  and  Method  of  Attach-  throughout,  except  JUSt 
ment  in  De  Laval  Turbine  .  .  .  .  , 

below  the  rim,  where  a 
narrow  annular  groove  is  turned  purposely  to  make  this  section  weak, 
for  the  following  reason : 

Centrifugal  force  increases  as  the  square  of  the  speed,  and  should 
the  safety  devices  fail  to  work,  the  rotating  wheel  must  ultimately 
burst.  The  reduced  section  near  the  periphery  of  this  wheel  makes 
the  stresses  at  this  point  approximately  50  per  cent  greater  than 
elsewhere,  and  yet,  at  normal  speeds,  this  will  be  perfectly  safe,  as  the 
factor  of  safety  is  between  4  and  5.  Now,  since  the  centrifugal 
force  increases  directly  as  the  square  of  the  number  of  revolutions, 
the  stresses  at  the  weakened  point,  when  the  speed  is  double,  will 
be  four  times  as  great,  that  is,  about  equal  to  the  ultijnate  strength 
of  the  material.  Consequently  the  rim  will  burst  and  fly  into  many 
small  pieces,  doing  but  little  damage,  however,  as  the  casing  is  made 
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heavy  enough  to  restrain  these  fragments.  When  the  rim  flies  off, 
the  stresses  in  the  main  portion  of  the  wheel  are  thereby  greatly 
reduced  and  no  further  damage  can  ensue.  Wheels  without  this  weak 
section  have  burst  under  experimental  tests  into  a  few  large  pieces  pos¬ 
sessing  enough  energy  to  break  through  a  2-inch  cast-iron  casing. 

On  each  side  of  the  wheel  are  hubs  extending  into  cylindrical 
openings  in  the  casing.  These  are  known  as  safety  bearings  and 
work  with  slight  clearance  under  ordinary  conditions.  Should  the 
rim  burst,  the  wheel  would  at  once  become  unbalanced  and  the  result- 


Fig.  37.  Method  of  Mounting  Wheel  of  Small  De  Laval  Turbine 


ing  eccentricity  of  the  center  of  gravity  would  cause  the  wheel  and 
shaft  to  rotate  off-center,  bringing  a  considerable  pressure  of  the  hub 
against  these  safety  bearings.  These  acting  as  a  brake,  together 
with  the  absence  of  further  impelling  forces  due  to  the  loss  of  rim  and 
buckets,  will  quickly  bring  the  rotating  wheel  to  a  stop. 

For  small  wheels  a  bushing  is  fitted  and  shrunk  to  a  short  swelling 
on  the  shaft  and,  in  addition,  is  pinned  in  place.  The  hub  of  the 
wheel  is  bored  to  fit  this  bushing  and,  together  with  the  shaft,  is 
drawn  into  place  by  a  nu+,  as  shown  in  Fig.  37.  The  wheel  may 
readily  be  removed  from  the  shaft  by  loosening  the  nut. 
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For  large  wheels  such  a  construction  is  not  desirable,  because  a 
wheel  with  a  hole  in  the  center  is  not  nearly  so  strong  as  one  without 
such  a  hole,  and  in  the  larger  sizes  of  turbine  the  strength  of  the 
wheel  is  an  exceedingly  important  factor.  T  he  hub,  therefore,  in  such 
a  wheel  is  solid,  but  is  recessed  to  fit  the  flanged  end  of  the  shaft,  as 
shown  in  Fig.  38.  The  recess  is  tapered  ^  inch  to  the  foot,  to  fit  the 
shaft,  which  is  securely  bolted  in  place,  as  shown.  The  rim  of  the 
wheel  is  drilled  parallel  to  the  shaft,  with  cylindrical  holes  milled  out, 


Fig.  33.  Method  of  Mounting  Wheel  of  Large  De  Laval  Turbine 


as  shown  in  Fig.  36,  to  hold  the  bulb  shanks.  This  makes  a  strong 
construction,  and  the  vanes  are  easily  replaced  when  necessary. 

Shaft.  When  a  body  is  rotating  at  high  speed,  it  must  be  very 
carefully  balanced  by  distributing  the  material  symmetrically  about 
the  center  of  rotation.  If  the  center  of  gravity  of  the  rotating  mass 
is  net  absolutely  at  the  center  of  the  shaft,  a  vibration  more  or  less 
serious  will  be  set  up,  because  a  rotating  body  tends  to  rotate  about 
its  own  center  of  gravity  instead  of  its  geometrical  center,  thus  caus- 
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ing  a  pressure  alternately  on  one  side  or  the  other  of  the  bearing. 
For  speeds  of  3000  r.p.m.,  which  are  common  in  compound  turbines, 
the  wheels  can  be  balanced  on  knife-edges,  the  wheel  disks  being 
drilled  at  certain  points  until  they  become  perfectly  balanced.  It 
is  claimed  that  careful  work  in  this  matter  will  ensure  the  center  of 


gravity  of  the  wheel  being  within  ttto  o  of  an  inch  of  the  geometrical 
center.  Small  as  this  error  may  be,  it  would  be  prohibitive  at  the 
high  rotative  speeds  used  in  the  De  Laval  turbine;  hence  the  adoption 
of 'the  long,  slender  shaft  on  which  the  wheel  is  mounted.  This  bends 
slightly,  and  allows  the  wheel  to  rotate  about  its  own  center  of 
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gravity  without  vibration.  This  feature  is  distinctive  of  the  De  Laval 
machine.  The  relatively  small  diameter  of  shaft  is  astonishing, 
being  only  a  little  over  1  \  inches  at  its  smallest  section  for  the  300- 
horsepower  turbine. 

Gears.  The  speed-reducing  gears  are  in  the  ratio  of  about  10 
to  1;  i.e.,  if  the  turbine  rotor  has  a  speed  of  30,000  r.p.m.,  the 
larger  gears  have  a  speed  of  3000  r.p.m.  At  the  desired  place,  a 
swelling  on  the  shaft  is  provided  in  which  the  pinion  teeth  are  cut. 
In  the  smaller  sizes  only  one  large  gear  is  used,  but  in  the  larger 


A,  Wheel  Case;  B,  Wheel  Case  Cover;  C,  Turbine  Wheel;  D,  High-Speed  or  Pinion  Shaft-  F 
Outboard  Bearing  Bracket;  I,  Outboard  Ball-Seated  Bearing;  J,  Outer  Packing  Bushing-’  K 
Inner  Packing  Bushing;  L,  Gear  Case;  M,  Gear;  O,  Gear  Shaft  Bearings;  P,  Inner  Pinion  Bear- 
VJg;  v.  Outer  Pinion  Bearing;  R ,  Vacuum  Governor  Air  Valve;  S,  Governor;  T,  Nozzle  Chamber 
V,  Exhaust  Chamber;  W,  Gear  Shaft. 

machines  there  are  two  large  gears,  one  on  each  side  of  the  pinion. 
The  teeth  are  cut  spirally  at  an  angle  of  about  45  degrees,  as  shown 
in  Fig.  39,  and  have  double  sets  of  teeth  at  90  degrees  to  each  other. 

These  reduction  gears  are  fine  examples  of  engineering  and 
mechanical  skill,  as  only  the  best  work  would  stand  up  under  the 
high  speeds  of  rotation.  The  shaft  on  which  the  pinion  is  cut  is  of 
nickel  steel,  but  the  gears  are  made  of  soft  steel,  low  in  carbon.  They 
have  a  peripheral  velocity  of  about  100  feet  a  second  and,  if  kept 
free  from  grit,  will  run  for  a  long  time  with  little  or  no  wear.  These 
gears  were  originally  made  of  bronze,  but  this  metal  proved  unsatis- 
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factory  because  of  the  crystallization  which  it  developed,  and  which 
resulted  in  the  fracture  of  the  teeth  after  a  few  years’  continuous  use. 

Fig.  39  illustrates  the  various  working  parts  of  the  De  Laval 
steam  turbine.  B  is  the  rotating  bladed  wheel,  A  the  long  flexible 
shaft,  C  the  pinion  cut  on  the  shaft,  II  one  set  of  reducing  gears, 
and  m  the  flange  for  connection  to  the  working  unit.  Fig.  40 
shows  a  sectional  view  of  a  complete  turbine  and  connections  for  a 
single  working  shaft. 

Bearings.  The  turbine  shaft  is  supported  in  three  bearings, 
dhe  outer  bearing  is  solid  and  is  held  against  a  ground  spherical 


Fig.  41.  Details  of  De  Laval  Governor  and  Fig.  42.  Details  of  Bell-Crank  Lever  and 
Automatic  Safety  Vacuum  Valve  Throttle  Valves  for  Governor  Shown 

in  Figure  41 

seat  by  means  of  a  cap  and  spring.  It  is  made  of  bronze,  lined  with 
babbitt  metal.  The  other  two  bearings  are  arranged  one  on  each 
side  of  the  pinion.  They  are  very  long,  and  hold  the  pinion  accu¬ 
rately  in  mesh  with  the  gear.  They  are  split  to  facilitate  removal, 
and  have  suitable  grooves  for  lubrication.  No  provision  for  adjust¬ 
ment  is  made.  The  lubrication  is  supplied  from  a  central  reservoir 
by  means  of  sight-feed  lubricators. 

Governor.  The  speed  regulation  is  obtained  by  means  of  a  simple 
type  of  centrifugal  governor  located,  in  the  geared  type  of  turbine, 
at  the  end  of  one  of  the  slow-speed  shafts.  It  consists  of  two  weights 
D,  Fig,  41,  hinged  on  knife-edges,  acting  on  a  sliding  collar  J,  mounted 
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on  a  spindle  I.  The  governor  weights  in  moving  outward  push  against 
the  collar,  moving  the  spindle  outward  and  at  the  same  time  com¬ 
pressing  the  springs  H.  The  spindle  in  turn  presses  against  the 
pin  N  at  the  end  of  bell-crank  lever  L,  Fig.  42.  This  bell-crank  lever 
operates  the  throttle  valves  G  and  F  shown  in  Fig.  42. 

Riedler=Stumpf  Turbine.  The  first  turbine  developed  by  Pro¬ 
fessors  Riedler  and  Stumpf  was  of  the  single-stage  type,  both  pressure 
and  velocity,  like  the  De  Laval,  but  with  this  radical  difference— a 
wheel  about  ten  times  as  large  in  diameter  as  the  De  Laval  wheel  was 
used  and,  therefore,  the  same  peripheral  speed  was  obtained  with 
about  one-tenth  as  many  revolutions.  The  reduction  which  De  Laval 
accomplished  by  means  of  gears,  Riedler  and  Stumpf  accomplished 


Fig.  43.  Milled  Buckets  in  Riedler-Stumpf  Turbine 

by  increasing  the  diameter  of  the  wheel.  By  this  reduction  in  the 
number  of  revolutions,  the  error  in  balance,  which,  it  is  claimed,  could 
be  brought  to  less  than  -$1-$  millimeter,  was  rendered  insignificant. 

Their  wheels  were  said  to  be  made  of  10  per  cent  nickel  steel 
with  135,000  pounds  tensile  strength,  and  were  6J  to  9  feet  in  diam¬ 
eter,  revolving  about  3000  r.p.m.  for  machines  of  2000  to  3000 
horsepower.  Their  single-stage  turbine  did  not  meet  with  general 
favor,  and  was  usually  compounded  either  by  pressure  stages  or 
velocity  steps,  but  a  description  of  it  will,  nevertheless,  be  valuable. 

Instead  of  using  vanes  of  the  De  Laval  type,  U-shaped  buckets 
were  milled  in  the  face  of  the  solid  wheel,  overlapping  one  another 
as  shown  in  Fig.  43.  The  steam  jet  impinged  on  the  buckets — not 
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on  the  side  of  the  wheel,  as  in  the  De  Laval  type,  but  directly  upon 
the  face  of  the  wheel  thus  permitting  a  more  nearly  complete 
re\  ersal  of  the  steam  jet  and,  other  things  being  equal,  a  higher 
efficiency.  It  will  be  recollected  that  if  the  jet  is  delivered  to  the 
vanes  at  the  side,  and  at  entrance  and  exit  makes  an  angle  with  the 


plane  of  rotation,  the  velocity  of  the  jet*  is  divided  into  two  com¬ 
ponents.  The  velocity  of  whirl,  which  is  equal  to  Vcqs  a,  the  angle 
a  usually  being  20  to  35  degrees,  is  the  only  component  that  produces 
a  rotative  effort. 

The  nozzles  were  made  with  a  square  instead  of  an  elliptical 

♦Page  17,  Part  I. 
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section  at  the  outlet,  and  were  arranged  at  regular  intervals  about 
the  casing,  as  in  the  De  Laval  turbine.  With  a  given  size  of  wheel, 
the  power  was  increased  by  increasing  the  number  of  these  nozzles  until 
steam  injection  took  effect  upon  the  entire  periphery  of  the  wheel. 

There  being  only  one  rotating  wheel,  it  overhung  the  shaft  bear¬ 
ing,  thus  passing  through  the  casing  on  one  side  only,  requiring 
but  one  stuffing  box  and,  therefore, 
giving  a  comparatively  small  bearing 
loss.  A  20-h.p.  turbine  of  this  type, 
with  a  direct-connected  dynamo,  is 
shown  in  Fig.  44.  Fig.  45  shows  details 
of  the  wheel.  This  wheel  is  fitted  with 
double  buckets,  which  were  generally 
used  on  the  large  sizes.  A  5000-kw. 
turbine  of  this  type  would  require  a 
wheel  20  feet  in  diameter,  admitting 
steam  to  the  whole  periphery  and  mak¬ 
ing  1 500  revolutions  per  minute.  More 
details  of  the  Riedler-Stumpf  turbines 
will  be  described  in  connection  with 
the  compound  turbine. 


21 
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Fig.  45.  Detail  of  Wheel  of  Riedler-Stumpf  Turbine 

COMPOUND  IMPULSE  TURBINES  WITH  VELOCITY  STEPS 
It  has  been  shown  that  steam  may  be  fully  expanded  to  the  back 
pressure  in  a  single  nozzle,  and  the  kinetic  energy  absorbed  by  passing 
the  jet  through  several  sets  of  revolving  wheels  or  vanes  in  succession, 
each  taking  out  part  of  the  velocity.  To  employ  velocity  steps,  some 
sort  of  reversing  device  must  be  arranged  to  bring  the  steam  bad 
either  onto  another  bucket  of  the  same  wheel  or  onto  a  bucket  of  an 
adjoining  wheel  attached  to  the  same  shaft.  The  former  method  was 
adopted  in  the  Riedler-Stumpf  turbine,  the  latter  in  the  Curtis.  In 
either  case,  a  simple  and  compact  turbine  is  the  result,  but  the 
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type  has  disadvantages  already  enumerated  in  “Steam  Turbines”, 
Part  I,  which  limit  the  number  of  velocity  steps  that  can  be  econom¬ 
ically  used  to  three  or  four  at  the  outside.  Since  the  work  from 
the  fifth  action  of  the  steam  would  theoretically  be  only  one-ninth 


Fig.  46.  Double  Buckets  in  Riedler-Stumpf  Turbine 


of  that  derived  from  the  first  action,*  and  might  easily  be  consumed 
in  additional  friction,  it  is  customary  to  allow  the  steam  to  act  no 
more  than  four  times.  Single-stage  turbines  are  not  considered 
practical  in  sizes  above  200  or  300  h.p.,  it  being  more  economical 


♦Page  31,  Part  I. 
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in  such  cases  to  reduce  the  high  steam  velocity  after  the  first  stage 
by  using  at  least  one  other  pressure  stage. 

Curtis  Turbine.  The  earlier  forms  of  Curtis  turbine  were  of 
the  single-pressure-stage  type  with  several  velocity  steps,  and  the 
smaller  turbines  now  made  by  the  General  Electric  Company  are 

after  this  pattern.  Sizes  of  35-kw. 


and  smaller  have  a  single-pressure 
stage  with  three  velocity  steps, 
that  is,  three  sets  of  rotating  vanes 
with  two  intermediate  sets  of 
guide  vanes.  The  details  of  con¬ 
struction  are  in  all  ways  similar 
to  those  of  the  ordinary  form  of 
Curtis  turbine,  which  is  com¬ 
pounded  both  by  pressure  and 
velocity,  and  will  be  described 
under  the  latter  heading. 

Riedler=Stumpf.  Large  pow¬ 
ers  of  the  simple  impulse  type 
required  either  abnormally  large 
wheels  or  too  high  speeds  of  rota¬ 
tion,  and  it  was,  therefore,  fre¬ 
quently  more  convenient  to  ex¬ 
tract  the  velocity  from  the  steam 
jet  in  two  steps.  For  powers  larger 
than  could  be  dealt  with  in  the 
single-stage  type,  the  steam  passed 
successively  through  buckets  of 
the  same  wheel,  and  for  still  larger 
powers,  pressure  stages  were  em¬ 
ployed,  as  well  as  the  velocity 
steps.  The  compound-velocity 
turbines  developed  by  Professors 
Riedler  and  Stumpf  had  wheels  and  buckets  of  the  general  type 
described  in  connection  with  their  simple  impulse  turbine.  The  device 
employed  to  reverse  the  direction  of  the  steam  and  bring  it  back 
again  to  other  buckets  on  the  same  wheel  was  described  on  Page  9, 
Part  I,  to  which  the  student  is  referred. 


Fig.  47.  Double  Guide  Vanes 
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In  one  type  of  their  turbine  the  buckets  were  double,  a  small 
bucket  on  one  side  of  the  wheel  being  for  initial  admission;  and,  since 
part  of  the  steam  velocity  was  abstracted,  it  was  necessary  that,  as 
the  steam  returned,  it  should  enter  a  larger  bucket  which  was  pro¬ 
vided  on  the  other  side  of  the  wheel,  as  shown  in  Figs.  46  and  47. 

Another  device  of  Riedler  and  Stumpf  for  reducing  speeds  of 
rotation  was  the  employment  of  counter-running  wheels.  The  guide 
vanes  were  buckets  cut  on  a  wheel  which,  instead  of  being  stationary, 
was  free  to  revolve  in  a  contrary  direction  Thus  the  absolute 


Fig.  48.  Kotor  aod  Shaft  of  Terry  Single-Stage  Turbine 
Courtesy  of  Terry  Steam  Turbine  Company,  Hartford,  Connecticut 


velocity  of  each  wheel  would  be  half  the  relative  velocity  of  the  two 
wheels.  In  a  turbine  of  this  type,  besides  the  obvious  objection 
of  rotation  in  two  directions,  the  wheel  of  initial  admission  would 
do  more  work  than  the  counter-running  wheel,  because  the  work 
absorbed  would  be  in  proportion  to  the  difference  of  the  squares 
of  the  steam  velocities  at  entrance  and  exit,  and  the  higher  velocities 
would  naturally  exist  in  the  first  wheel.* 

Terry  Turbine.  The  turbine  developed  and  now  built  by  the 
Terry  Steam  Turbine  Company  of  Hartford,  Connecticut,  is,  in 


♦Page  31,  Part  I. 
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sizes  up  to  1000  h.  p.,  of  the  single-  or  two-stage,  compound-velocity 
type.  The  buckets  are  U-shaped,  milled  on  the  face  of  the  wheel, 
overlapping  one  another  something  like  the  single  bucket  arrange¬ 
ment  of  the  Riedler-Stumpf  machines.  Fig.  48  shows  the  rotor  of  a 


Fig.  49.  Terry  Horizontal  Turbine  with  Casing  Raised  for  Inspection  of 
Rotor  and  Bearings 

Courtesy  of  Terry  Steam  Turbine  Company,  Hartford,  Connecticut 

Terry  turbine.  The  steam  is  expanded  in  the  nozzles  to  the 
exhaust  pressure  or  vacuum.  As  it  leaves  the  nozzles  it  impinges 
upon  one  side  of  the  bucket,  reversing  through  180  degrees.  As 
it  leaves  the  first  bucket,  it  enters  a  similar  bucket  attached  to 
the  casing,  which  reverses  its  direction  through  180  degrees  and 
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causes  it  to  impinge  again  upon  another  bucket  of  the  wheel,  and 
so  on,  until  the  velocity  is  all  absorbed.  The  reverse  buckets  are 
arranged  in  groups  (usually  of  four),  one  group  for  each  nozzle,  the 
steam  being  returned  to  the  wheel  as  many  times  as  there  are  reverse 
buckets  in  each  group.  Fig.  49  clearly  shows  these  buckets  on  the 
inside  of  the  lifted  casing.  A  crescent-shaped  hole  may  be  seen  cut 
in  the  bottom  oi  each  reverse  bucket.  These  holes  release  a  part 
of  the  expanded  steam  and  thus  reduce  the  volume  in  proportion 


Fig.  5U.  Terry  Turbine  Jet  and  Reversing  Chambers 
Courtesy  of  Terry  Steam  Turbine  Company, 
Hartford ,  Connecticut 


to  the  lessened  velocity,  as  otherwise  there  ought  to  be  successively 
larger  passage  areas. 

In  Fig.  50  is  shown  how  a  nozzle  section,  together  with  its 
reversing  buckets,  is  bolted  to  the  steam  chamber  of  the  casing. 
The  path  of  the  steam  is  clearly  indicated  here. 

There  are  usually  four  to  eight  nozzles  in  the  turbine,  each  being 
controlled  by  a  hand  valve,  so  that  the  power  may  be  easily  regulated. 
The  main  bearings  are  of  the  ring-oiling  type.  As  the  weight  of  the 
rotor  is  comparatively  small  and  the  speed  of  revolution  1250  r.p.m. 
for  200  to  300  h.p.,  large  sizes  offer  no  practical  difficulty. 
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Sturtevant  Turbine.  The  B.  F.  Sturtevant  Company  of  Hyde 
Park,  Massachusetts,  builds  a  turbine  in  small  sizes  to  drive  electric 
generators  and  blowers.  In  sizes  of  100  h.p.,  or  less,  these  turbines 
have  a  single-pressure  stage,  using  the  steam  over  and  over  again  on 
the  wheel  in  much  the  same  manner  as  is  done  in  the  Terry  turbine. 
Powers  of  200  h.p.,  or  over,  would  be  built  with  two  or  more  pressure 
stages.  The  wheel  is  a  single  forging  of  open-hearth  steel.  The 
buckets,  which  are  the  U-shape  type,  are  cut  from  the  solid  rim 
by  a  milling  machine. 

The  earlier  turbines  have  buckets  cut  on  the  side  of  the  wheel, 
as  shown  in  Fig.  51.  Steam  entering  the  outer  edge  of  these  buckets 

passes  through  the  buckets  into 
stationary  reverse  guides  in  the 
casing  shown  in  Fig.  52.  At  A 
are  inserted  the  nozzles,  which  are 
of  the  ordinary  expansion  type 
with  elliptical  openings.  The 
guides  are  of  two  types ;  about  four 
are  U-shape,  like  the  buckets,  and 
return  the  steam  to  the  wheel 
again,  returning  it  as  many  times 
as  there  are  return  buckets;  the 
others,  shown  at  C,  are  cut  open 
at  the  inner  edge  in  such  a  man¬ 
ner  that  the  steam,  instead  of 
returning  to  the  wheel,  is  exhausted  into  the  middle  of  the  casing 
and  there  allowed  to  pass  out.  To  avoid  a  troublesome  end  thrust 
in  this  machine,  buckets  are  cut  on  both  sides  of  the  wheel,  thus 
equalizing  the  side  pressure. 

The  Sturtevant  turbine  as  built  at  the  present  time  is  illus¬ 
trated  in  Fig.  53.  The  nozzles  and  reversing  buckets  are  made  of 
Tobin  bronze  and  are  cast  together  in  segments.  These  segments 
are  bolted  to  the  casing,  which  contains  an  annular  steam  chamber. 
The  nozzle  is  at  A,  with  four  reversing  buckets  in  front  of  it  and 
one  supplementary  bucket  behind  it,  the  purpose  of  which  is  to 
utilize  any  steam  which  might  escape  over  the  back  edge  of  the 
nozzle.  These  turbines  are  built  in  sizes  from  5  to  250  horsepower, 
the  diameters  of  the  rotors  ranging  from  12  to  36  inches. 


Fig.  51.  Wheel  of  Sturtevant  Turbine  with 
Buckets  Milled  from  Side  of  Wheel 
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Fig.  52.  Sturtevant  Turbine  Showing  Reverse 
Guides  in  Casing 


Fig.  53.  Parts  of  Sturtevant  Single-Stage  Turbine 
Courtesy  of  B.  F.  Sturtevant  Company ,  Hyde  Park,  Massachusetts 
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De  Laval  Impu.se=Stage  Turbine.  The  class  “C”  turbines 
manufactured  by  the  De  Laval  Company  are  of  the  vdocity-stage 
type  They  are  built  with  either  two  or  three  velocity  stages  in 
sizes' from  1  to  600  horsepower.  Fig.  54  shows  a  sectional  view  of 
a  three-stage  turbine.  The  steam  enters  through  a  set  of  nozzles 
in  which  it  is  expanded  to  condenser  or  exhaust  pressure.  The  steam 
then  strikes  the  first  impulse  wheel.  When  it  leaves  this  wheel  its 
velocity  has  been  reduced  by  approximately  twice  the  velocity  of 


Fig.  54.  Axial  Sectir.u  of  Class  “C”  Turbine  with  Three  Velocity  Stages 
Courtesy  of  De  Laval  Steam  Turbine  Company,  Trenton,  New  Jersey 


the  vanes.  It  is  redirected  by  a  set  of  stationary  buckets  to  the 
second  impulse  wheel,  and  so  on  to  the  exhaust  end  of  the  turbine. 

The  wheels  are  forged-steel  disks  keyed  to  a  heavy  shaft  which, 
unlike  that  in  the  single-stage  impulse  turbine,  is  entirely  rigid. 
The  nozzles  are  of  exactly  the  same  type  as  in  the  single-stage 
turbine.  Both  the  moving  vanes  and  the  stationary  guide  vanes 
have  a  crescent-shaped  cross  section  and  are  of  practically  the  same 
type  as  is  used  in  the  single-stage  turbine.  The  guide  vanes  are 
held  in  steel  rings  which  are  split  on  a  horizontal  diameter,  as  shown 
in  Fig.  55. 
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Westinghouse  Impulse  Turbine.  The  Westinghouse  Machine 
Company  builds  impulse  turbines  of  the  re-entry  type  in  sizes  up 


Fig.  55.  Stationary  Guide  Vanes  in  De  Laval  Turbine,  and  Method  of  Mounting 
Courtesy  of  De  Laval  Steam  Turbine  Company,  Trenton,  New  Jersey 

to  500  horsepower.  Fig.  56  shows  in  diagrammatic  form  the  con¬ 
struction  of  this  turbine.  The  steam  is  expanded  in  the  nozzle; 
it  then  strikes  the  crescent-shaped  vanes  of  the  rotor,  giving  up  a 


Steam  Inlet 

Fig.  56.  Section  of  Westinghouse  Re-Entry  Type  Impulse  Turbine 
Courtesy  of  Westinghouse  Machine  Company,  East  Pittsburgh,  Pennsylvania 


portion  of  its  energy.  It  then  enters  the  reversing  chamber  on 
the  opposite  side  of  the  wheel  and  is  redirected  onto  the  same  set 
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of  moving  vanes,  giving  up  more  of  its  energy.  The  steam  now 
enters  another  nozzle,  where  it  is  expanded  to  exhaust  pressure, 
and  the  operation  is  repeated.  In  the  small  sizes  and  for  pressures 
less  than  125  pounds  there  is  only  one  nozzle  and  one  reversing 

chamber.  i 

The  construction  of  the  nozzle  and  the  reversing  chamber  is 
clearly  shown  in  Fig.  57,  while  a  sectional  view  of  the  turbine  is 
shown  in  Fig.  58.  The  rotor  is  a ir  steel  disk  having  a  groove  in  its 


Fig.  57.  Construction  of  Nozzle  and  Reversing  Chamber 
of  Westinghouse  Re-Entry  Type  Impulse  Turbine 
Courtesy  of  Westinghouse  Machine  Company, 

East  Pittsburgh,  Pennsylvania 

periphery.  The  vanes  have  a  shank  at  the  root  fitting  into  the 
groove  and  are  riveted  to  the  rotor.  The  outer  end  is  fitted  with 
shroud  ring. 

COMPOUND  IMPULSE  TURBINES,  PRESSURE  STAGES 
In  the  discussion  of  compound  turbines  in  Part  I  it  was  shown 
that  the  available  head  could  be  divided  into  several  stages,  thus 
making  the  steam  velocity  from  stage  to  stage  relatively  small,  and 
permitting  smaller  speeds  of  revolution.  Turbines  of  this  type  are, 
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in  principle,  like  a  number  of  De  Laval  wheels  on  the  same  shaft. 
They  consist  essentially  of  a  casing  which  supports  a  number  of 
diaphragms,  dividing  the  interior  into  separate  cells,  in  each  of  which 
a  single  impulse  wheel  containing  the  vanes  is  free  to  revolve.  Each 
stage  or  element  comprises  a  rotary  wheel  and  a  set  of  nozzles,  or 
distributing  vanes,  which  guide  the  steam  from  one  chamber  to  the 
next  and  direct  it  at  the  proper  angle  onto  the  vanes  of  the  wheel  in 
the  following  chamber.  These  passages  may  or  may  not  be  of  the 
diverging  type,  depending  upon  the  drop  of  pressure  from  stage  to 


stage.  In  all  machines  of  this  type  the  drop  in  pressure  is  so  arranged 
that  an  equal  number  of  heat  units  will  be  given  up  per  stage,  which, 
as  will  be  remembered,  does  not  correspond  by  any  means  to  an  equal 
drop  in  pressure. 

In  such  a  turbine  as  this  a  foreign  substance  is  not  likely  to 
injure  more  than  one  wheel,  for  it  cannot  pass  the  diaphragm  separa¬ 
ting  the  different  chambers  except  through  the  nozzles  and,  as 
there  are  many  stages  to  such  a  turbine  as  this,  the  machine  might 
run  fairly  well,  even  if  one  or  two  wheels  were  removed.  It  would, 
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of  course,  give  less  power  and  poorer  steam  economy.  The  clearance 
between  the  nozzles  and  the  vanes  should  be  small  to  prevent  the 
mingling  of  the  steam  jet  with  the  stagnant  steam  in  the  casing,  but 
the  clearance  over  the  ends  of  the  vanes  is  of  little  consequence, 
especially  if  a  shrouding  is  used,  for  there  is  no  tendency  for  sceam  to 
leak  by  the  vanes,  the  pressure  being  constant  throughout  the  chamber. 


Fig.  59.  Group  of  Diaphragms  of  Rateau  Turbine 


Rateau  Turbine.  The  turbine  using  pressure  stages,  only,  is 
best  exemplified  by  the  Rateau  turbine,  designed  and  developed  by 
Professor  Rateau,  of  Paris.  His  turbine  is  a  horizontal,  multi-stage 
impulse  machine  and  consists  of  sometimes  as  many  as  forty  pressure 
stages,  but  usually  less.  The  large  number  of  stages  employed  in 
these  turbines  means  but  little  drop  in  pressure  from  stage  to  stage. 
Hence,  the  De  Laval  type  of  expanding  nozzle  is  not  needed,  it 
having  been  shown  in  the  discussion  of  nozzles*  that,  if  the  final 

♦Page  19,  Part  I. 
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pressure  exceeds  58  per  cent  of  the  initial  pressure,  a  parallel-sided 
passage  or  a  slightly,  converging  nozzle  is  sufficient  to  permit  the 
proper  expansion  of  the  steam  and  to  secure  the  maximum  available 
energy.  In  the  Rateau  turbine,  the  drop  in  pressure  from  stage  to 
stage  is  much  less  than  the  limiting  amount  mentioned. 

Diaphragm.  As  the  steam  passes  through  the  turbine,  it 
expands  from  one  stage  to  the  next,  and,  of  course,  requires  larger 
passage  areas  in  each  succeeding  diaphragm.  This  is  accomplished 
in  general  by  increasing  the  number  of  openings  rather  than  by 
increasing  the  size  of  them.  The  guide  passages  are  arranged  in 
groups,  the  number  in  each  group  being  increased  and,  consequently, 


Fig.  60.  Lower  Half  of  Turbine  Casing  Showing  Dia¬ 
phragms  in  Place,  and  the  Circumferential  Grooves 
for  Holding  Them 


the  width  of  the  group  widened  through  successive  stages  until  the 
openings  finally  extend  entirely  around  the  disk.  To  provide  larger 
passage  areas  to  take  care  of  still  further  expansion  of  the  steam,  the 
diameter  of  the  wheel  and  diaphragm  must  be  increased  and,  at  the 
same  time,  the  size  of  the  passage  openings  enlarged.  In  condensing 
turbines  there  are  usually  three  diameters  of  wheel.  In  non-con¬ 
densing  turbines,  two  are  generally  sufficient,  and  sometimes  only 
one  is  used.  The  nozzles,  or  distributors,  when  only  a  portion  of 
the  wheel  is  open  to  steam  admission,  are  set  to  have  an  angular 
advance  of  the  preceding  group,  this  advance  being  proportioned  to 
the  speed  of  the  wheels,  so  that  the  steam  jet  as  it  leaves  the  revolv¬ 
ing  vanes  will  strike  the  next  nozzle  directly,  avoiding  any  shock  of 
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impact  against  the  solid  wall  of  the  casing.  Any  kinetic  energy 
in  the  steam  as  it  leaves  the  revolving  vanes  of  one  wheel  is,  therefore, 
directly  available  for  use  in  the  next  stage.  If  the  steam  were 
brought  up  sharply  against  the  solid  casing  wall,  this  residual  energy 
would  be  lost  to  useful  work,  and  a  still  further  loss  would  result, 
due  to  the  eddying  of  the  steam  in  this  particular  cell.  Fig.  59 
shows  a  group  of  diaphragms  of  various  sizes  for  this  turbine  and 
illustrates  the  idea  of  increasing  the  extent  of  each  succeeding  group 
of  nozzles. 

There  is  a  distinct  advantage  in  this  partial  admission  at  the 
higher  pressures,  for,  if  the  admission  took  place  around  the  entire 
periphery  of  the  wheel,  the  height  of  vane  would  necessarily  be  so 
small  that  the  friction  would  be  excessive.  By  using  partial  admis¬ 
sion  only,  the  vanes  in  these  stages  may  be  of  much  greater  height 


than  otherwise,  and  a  few 
high  vanes  afford  the  same 
passage  area  for  the  steam 
that  a  large  number  of  low 
vanes  would  offer,  with  con¬ 
sequently  less  friction. 


Casing.  Circumferen¬ 
tial  grooves  are  turned  in 
the  inside  of  the  casing  to 
hold  the  diaphragms  in 


Fig.  61.  Two-Piece  Stationary  Diaphragms  with 
Distributing  Vanes 


place,  as  shown  in  Fig.  60.  The  larger  diaphragms  are  usually  made  in 
two  pieces,  as  shown  in  Fig.  61 .  In  all  of  them  the  shaft  passes  through 
collars  of  antifriction  metal  with  clearances  as  small  as  possible,  in 
order  to  prevent  leakage  from  stage  to  stage.  These  collars  are  fre¬ 
quently  provided  with  a  labyrinth  packing  which  will  be  explained  later. 

Vanes.  The  vanes  are  of  crescent  shape,  similar  in  cross  section 
to  those  of  the  De  Laval  turbine.  The  earlier  ones  had  no  protection 
at  the  outer  ends,  but  the  later  ones  have  been  provided  with  a  shroud 
ring  to  give  additional  stiffness.  The  vanes  and  the  shroud  ring 
are  generally  made  of  nickel  steel,  as  this  is  well  adapted  to  resist 
corrosion. 

Wheels.  The  rotating  wheels  are  usually  made  of  two  plate- 
steel  disks.  One  is  flanged  at  the  outer  edge  to  which  the  vanes  are 
riveted,  the  other,  usually  slightly  conical,  is  riveted  to  the  flange  of 
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the  first  disk,  and  both  are  riveted  to  the  cast-steel  hub.  Fig.  62 
shows  the  construction  of  this  type  of  disk.  The  conical  built-up  disk 
makes  a  stronger  wheel,  but  a  flat  disk  is  sometimes  used.  Some 
wheels  are  turned  out  of  solid  steel,  increasing  in  section  toward  the 
center  to  give  greater  strength.  Each  wheel  is  carefully  balanced  by 
itself  on  knife-edges  by  drilling  holes  in  the  disk,  the  latter  clearly 
showing  in  Fig.  63.  When  these  wheels  are  assembled  on  the  shaft 
there  is  little  likelihood  that  the  complete  rotor  will  be  out  of  balance. 
Fig.  64  shows  the  wheels  assembled  on  the  shaft. 


Fig.  62. 


Construction  of  Wheels  of  the  Rateau  Turbine 


By-Pass  Valve .  This  turbine  is  provided  with  a  by-pass  valve 
to  carry  overloads.  This  admits  high-pressure  steam  into  the  inter¬ 
mediate  stages  and,  although  not  permitting  a  complete  expansion  of 
such  steam,  it  is  an  effective  means  of  taking  care  of  large  overloads. 
Bearings.  The  bearings  are  of  the  plain  ring-oiling  type,  usually 
provided  with  water  jackets.  The  shaft  not  being  unduly  long,  there 
is  little  danger  of  whipping,  and  as  the  speeds  of  rotation  are  not  very 
high,  special  precautions  are  not  necessary.  Sometimes  the  turbines 
are  supported  by  three  bearings,  as  shown  in  Fig.  65,  the  high  and 
intermediate  stages  being  separated  from  the  low  by  a  third  bearing. 
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Professor  Rateau  claims  for  a  1500-horsepower  turbine  at  1500 
revolutions  per  minute  only  li  per  cent  leakage  and  bearing  loss, 
and  a  2|  per  cent  loss  in  friction  of  the  wheels  against  the  steam. 

Zoelly  Turbine.  The  Zoelly  turbine  has  been  developed 
extensively  abroad,  and  is  being  manufactured  largely  through  a 
syndicate  of  builders  including  some  American  firms.  It  is  a  turbine 


Fig.  63.  Wheels  of  Rateau  Turbine,  Balanced  by 
Holes  in  Disk 


essentially  of  the  Rateau  type,  that  is,  a  multi-pressure-stage  turbine, 
but  it  has  fewer  stages,  usually  not  over  ten  for  condensing  and  five 
for  non-condensing,  and  it  differs  from  the  Rateau  materially  in  detail. 
The  blades  are  very  much  longer,  sometimes  being  as  much  as  half  the 
diameter  of  the  rotating  wheel  and,  because  of  the  fewer  stages,  many 
essential  details  are  different.  The  turbine  is  sometimes  divided  into 
two  parts  when  built  condensing,  the  high  pressure  being  separated 
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from  the  low  sufficiently  for  a  third  bearing  to  be  placed  between,  as 
shown  in  Fig.  66. 

Vanes.  There  being  fewer  stages  than  in  the  Rateau,  the  steam 
velocities  must  be  much  greater  and,  consequently,  if  the  rotative 
speeds  are  to  be  the  same,  the  diameter  of  the  wheels  must  be  greater. 
Exceedingly  long  vanes  are  used,  which  permit  of  a  relatively  small 
wheel  disk;  hence,  the  centrifugal  stresses  in  its  rim  will  not  be 
materially  greater  than  in  other  turbines.  Again,  the  vanes  are  few 
in  number  compared  with  other  turbines  and  are  made  as  light  as 
possible,  tapering  at  the  outer  end  in  order  to  further  reduce  the 
centrifugal  force.  The  expansion  from  stage  to  stage  is  not  enough 


Fig.  64.  Shaft  and  Wheels  of  High-Pressure  Rateau  Turbine 


to  require  diverging  expansion  nozzles  except,  perhaps,  in  the 
high-pressure  end;  but  the  expansion  is,  of  course,  very  much  greater 
than  in  the  Rateau  turbine.  In  the  latter  turbine,  the  roots  of  the 
vanes  are  cut  off  parallel  with  the  shaft,  but  in  the  Zoelly  they  are 
cut  on  a  slope,  giving  a  larger  outlet  than  inlet  to  the  vane.  It  might 
appear  that  this  is  done  to  permit  of  steam  expansion  in  the  vanes, 
but  that  is  not  so.  Expansion  is  complete  in  the  nozzles  just  as  in 
the  Rateau  turbine,  but,  as  there  is  a  much  greater  expansion  from 
stage  to  stage,  it  follows  that  the  area  of  the  steam  passages  through 
each  successive  diaphragm  must  be  greatly  increased.  This  differ¬ 
ence  is  made  up  by  increasing  the  depth  of  the  openings  in  the 
succeeding  diaphragm.  Therefore,  to  permit  a  free  passage  of  steam 
from  an  opening  having  one  depth  to  an  opening  having  a  greater 
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Fig.  66  Zoelly  Condensing  Turbine,  Showing  Third  Bearing  between  High  and  Low  Pressure 
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depth,  and  to  prevent  the  formation  of  eddies,  it  is  necessary  to  slope 
the  root  of  the  vanes.  The  vanes  of  the  turbines  being  very  much 
longer  than  in  the  Rateau,  it  is  entirely  feasible  to  increase  the  depth 
of  the  steam  passages  through  the  diaphragms. 

Wheel  The  vanes  are  set  in  slots  cut  in  the  rim  of  the  wheel, 


and  are  secured  by  a  clamp  ring  securely  riveted  to  the  main  portion 
of  the  wheel,  as  shown  in  Fig.  67.  It  is  probable  that  the  excessively 
long  vanes  produce  a  considerably-  greater  friction  loss,  revolving, 

as  they  do,  in  the  steam-filled  cells 
of  the  casing;  but  as  there  are  com¬ 
paratively  few  cells,  and  therefore 
comparatively  few  revolving  wheels, 
it  is  probable  that  this  friction  may 
not  be  any  greater  than  would  be 
expected  in  the  Rateau  turbine. 
Economies,  as  shown  by  test,  do  not 
appear  to  be  essentially  different 
from  those  of  other  first-class  tur¬ 
bines.  Zoelly  turbines  have  been 
built  as  shown  in  Fig.  68.  The 
typical  style  of  long  vanes  prevails, 
but  in  the  high-pressure  stages  the 
vane  is  of  the  double-U-shaped  cross 
section,  a  detail  of  which  is  shown 
in  Fig.  69.  The  steam  jet  necessarily 
impinges  tangentially  on  these  vanes 
instead  of  from  the  side. 

Hamilton=Holzwarth  Turbine. 
The  Hamilton-Holzwarth  steam  tur¬ 
bine  is  another  turbine  of  the  Rateau 


•Section  C-C 


Fig.  67. 


Detail  of  Wheel  and  Vanes 
of  Zoelly  Turbine 


type,  the  chief  difference  being  that,  instead  of  having  the  admission 
guides  arranged  in  groups,  the  admission  of  steam  in  the  high- 
pressure  end  takes  place  around  the  entire  circumference  of  the 
diaphragm.  Hence,  the  wheels  of  this  turbine  would  be  smaller  at  the 
high-pressure  end  than  would  be  the  case  with  the  Rateau  turbine,  and 
the  vanes  would  be  appreciably  of  less  depth.  Theoretically,  the  diam¬ 
eter  of  each  succeeding  wheel  should  increase  as  the  steam  expands  but, 
for  simplicity  of  manufacture,  it  is  better  to  keep  a  number  of  wheels 
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Fig.  68.  Section  through  One  Type  of  Zoelly  Turbine 
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of  the  same  diameter,  increasing  the  length  of  blades  to  give  larger 
passage  areas.  When  the  point  is  reached  where  this  is  no  longer 
practicable,  the  diameter  of  the  wheel  may  be  increased  considerably 
and  the  depth  of  the  blade  reduced. 

There  are  approximately  the  same  number  of  stages  in  the 
Hamilton-Holzwarth  turbine  as  in  the  Rateau,  and  the  speeds  of 


revolution  are  not  materially  different.  The  running  wheel  shown  in 
I*  ig.  1 0  consists  of  a  steel  disk  riveted  to  each  side  of  the  steel  hub,  or 
spider,  which  is  keyed  to  the  shaft.  The  outer  edges  of  the  disk  are 
flanged  outward,  leaving  a  space  to  take  the  shank  of  the  vane.  The 
vanes  are  drop-forged  steel  of  the  usual  crescent-shaped  cross  section. 
The  shank  of  the  vane,  fitted  between  two  flanged  disks,  is  riveted 
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in  place.  Since  the  steam  is  admitted  around  the  whole  circum¬ 
ference  of  the  diaphragm,  vanes  can  be  used  better  than  nozzles  to 
give  the  necessary  expansion  and  direct  the  steam  upon  the  running 
wheels.  \  anes  could  be  used  in  the  Rateau  diaphragm  even  with 
partial  admission,  but  in  such  a  case  it  has  seemed  simpler  to  drill 
openings  through  the  diaphragm. 


'r— --  itoimiiiiir^ 


Fig.  70.  Details  of  Wheel  of  Hamilton-Holzwarth  Turbine 


For  small-pressure  drops  the  vanes  may  be  parallel,  top  and 
bottom,  but,  at  the  low-pressure  end  of  the  turbine  where  the  volumes 
increase  rapidly,  they  are  usually  deeper  at  the  outlet  than  at  the 
inlet,  thus  forming  an  easy  passage  for  the  steam  to  the  next  larger 
set  of  vanes. 

A  diaphragm,.  Fig.  71,  separating  the  various  cells,  consists  of  a 
cast-iron  disk  bored  loosely  to  fit  the  shaft.  This  disk  has  a  groove  C 
into  which  the  shanks  of  the  guide  vanes  are  set,  and  a  rivet  holds 
them  in  place.  A  steel  band  is  then  shrunk  over  the  ends  of  these 
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guide  vanes,  and  this  band  projects  into  grooves  in  the  casing  to  hold 
the  diaphragm  in  place. 

The  Hamilton-Holzwarth  turbine  was  manufactured  by  the 
Hooven,  Owens,  Rentschler  Company  of  Hamilton,  Ohio.  It  is 
not  being  built  at  the  present  time. 

De  Laval  Pressure=Stage  Turbine.  To  meet  the  demand  for 
large-power  and  slow-speed  turbines  the  De  Laval  Turbine  Company 


have  recently  developed  a  turbine  of  the  pressure-stage  type.  The 
general  arrangement  is  shown  in  Fig.  72.  The  rotating  member 
consists  of  a  heavy  shaft  upon  which  is  mounted  a  series  of  disks, 
each  revolving  in  its  own  chamber,  formed  by  diaphragms  held  in 
the  cylindrical  casing.  The  steam  is  admitted  to  the  first  stage 
through  a  number  of  cylindrical  nozzles  formed  in  a  nozzle  ring 
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which  separates  the  steam  chest  at  the  right-hand  end  of  the  casing 
from  the  first  wheel. 

The  vanes  are  of  the  same  construction  as  those  used  in  their 
single-stage  impulse  turbines,  increasing  in  size  progressively  toward 
the  exhaust  end  of  the  turbine. 

With  the  exception  of  the  nozzles  in  the  first  stage,  the  dia¬ 
phragms  separating  the  succeeding  stages  have  guide  vanes  formed 
around  their  entire  circumference.  The  vanes  are  located  on  the  rim 
of  the  diaphragm  by  means  of  two  pins  for  each  vane,  and  then  a 


Fig.  72.  Axial  Section  Showing  General  Arrangement  of  De  Laval  Multi-Stage  Steam  Turbine 


Courtesy  of  De  Laval  Steam  Turbine  Company,  Trenton,  New  Jersey 

steel  band  is  shrunk  over  them  to  hold  them  in  place.  These  bands 
project  beyond  the  sides  of  the  vanes  and  form  a  strong  lining  for 
the  cast-iron  casing,  as  diown  in  Fig.  73. 

Wilkinson  Turbine.  The  James  Wilkinson  Company  developed 
a  turbine  of  the  multi-cellular  impulse  type  with  comparatively  few 
stages,  which  is  noteworthy  because  of  the  packing  employed  to  pre¬ 
vent  leakage  of  steam  from  stage  to  stage.  It  must  be  borne  in 
mind  that  in  a  turbine  of  the  Rateau  type  there  are  so  many  stages 
that  there  is  comparatively  little  difference  in  pressure  between  one 
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stage  and  the  next,  and  consequently  little  tendency  for  steam  to 
leak  through  between  the  shaft  and  the  bushing  in  the  diaphragm. 

As  the  number  of  stages  is 


reduced,  the  difference  in 
pressure  is  increased,  and  it 
then  becomes  essential  that 
some  sort  of  packing  should 
be  provided;  otherwise  the 
leakage  may  be  excessive. 
In  practically  all  turbines, 
to  prevent  leakage  of  steam 
from  the  high-pressure  end 
into  the  air,  a  labyrinth 
packing  is  used,  consisting 
of  a  series  of  grooves  into 
which  metal  spring  rings  are 
fitted  with  slight  clearances. 
These  rings  are  not  very 
different  from  the  spring 


rings  employed  to  pack  the  piston  of  the  reciprocating  engine,  except 
that  there  are  usually  very  many  more  of  them.  Steam,  in  order  to 
leak  out,  must  follow  a  tortuous  course  between  the  rings  and  sides 


Fig.  74.  Grooved  Steam  Passages  and  Labyrinth  Packing  of  Wilkinson  Turbine 


and  bottom  of  the  grooves,  greatly  expanding  and  condensing  as  it 
leaks  through.  The  volume  at  the  outer  end  is  so  large,  due  to  this 
expansion,  that  the  leakage  becomes  very  slow.  Condensation  from 
such  a  packing  is  usually  caught  by  a  drip  and  taken  to  the  hot  well. 
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The  Wilkinson  idea  is  to  groove  passages  along  the  shaft  between 
certain  rings  of  the  labyrinth  packing  and  the  diaphragm  bushings, 
as  shown  in  Fig.  74.  These  grooves  permit  steam  to  pass  to  the 
diaphragm  bushing  from  a  groove  in  the  labyrinth  packing,  which 
is  at  slightly  higher  pressure  than  that  in  the  cell  at  either  side  of  the 
diaphragm  bushing.  As  a  result  steam  will  leak  from  the  labyrinth 
packing  to  the  diaphragm  bushing  and,  as  the  pressure  of  the  steam 
in  the  cells  is  less  than  of  that  which  enters  the  bushing,  this  wet 
steam  will  expand,  thereby  vaporizing  a  portion  of  its  moisture,  and 
will  then  leak  through  into  the  cells  of  the  turbine  and  have  a  possible 
chance  of  doing  some  useful  work  in  the  lower  stages.  The  leakage 
from  the  labyrinth  packing  will  be  somewhat  augumented  by  this 
means,  but  the  leakage  from  stage  to  stage  will  be  practically 
eliminated. 

The  Wilkinson  turbine  has  a  unique  governing  device  but  is 
essentially  of  the  Rateau  type  of  turbine,  differing  only  in  detail. 

Kerr  Turbine.  The  turbine  as  originally  built  by  the  Kerr 
Steam  Turbine  Company  of  Wellsville,  New  York,  is  of  the  multi¬ 
stage  type  and  differs  from  the 
Rateau  in  three  important  par¬ 
ticulars.  There  are  compara¬ 
tively  few  stages;  the  vanes  and 
buckets  of  the  rotating  wheels  are 
of  the  double  cup-shape  sort, 
after  the  style  of  buckets  of  the 
Felton  waterwheel ;  and  the  steam 
is  directed  onto  the  wheel  through 
nozzles  instead  of  guide  passages, 
striking  the  wheel  tangentially  in 
the  plane  of  rotation  instead  of  at 
the  side.  Otherwise  the  differ¬ 
ence  between  this  turbine  and  others  of  the  multi-stage  type  is 
one  of  detail  of  construction. 

The  turbines  are  built  in  standard  sizes,  with  wheels  12,  18,  24, 
and  36  inches  in  diameter,  with  one  to  eight  stages,  developing  up  to 
600  horsepower.  The  power  developed  in  a  single  wheel  of  given 
diameter  will  naturally  depend  upon  the  number  of  nozzles  in  action. 

The  buckets  are  made  of  drop  forgings  and  are  reamed  out  with 
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a  special  reamer,  each  cup  being,  in  cross  section,  a  surface  of  revolu¬ 
tion.  Fig.  75  illustrates  this  type  of  bucket. 


Fig.  76.  Kerr  Turbine  Wheels  Assembled  on  Shaft 

The  wheel  is  a  solid  disk  and  the  buckets  may  be  attached  by 
riveting,  as  shown  in  Fig.  75,  or  by  dovetailing,  as  shown  in  the  same 


Fig.  77.  Nozzles,  Wheel,  and  Diaphragm  of  Kerr  Turbine 

figure,  the  latter  being  the  preferred  and  more  usual  form  of  construc¬ 
tion.  Each  wheel  is  carefully  balanced  and  then  assembled  on  the 
shaft,  as  shown  in  Fig.  76. 


454 


STEAM  TURBINES 


97 


-4  ® 

I 


455 


Fig.  78.  Section  through  8-Stage  Economy  Turbine 
Courtesy  of  Kerr  Turbine  Company ,  Wellsvillet  New  York 
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Fig.  79.  Diaphragm  of  Economy  Turbine,  Showing 
Nozzle  Construction.  Left  Half,  Outlet  Side; 
Right  Half,  Inlet  Side 
Courtesy  of  Kerr  Turbine  Company, 
Wellsville,  New  York 


The  nozzles  are  of 
machine  steel,  screwed 
into  a  steel  nozzle  body, 
which  is  securely  riveted 
to  the  diaphragm  casing. 
Fig.  77  shows  the  noz¬ 
zles,  wheel,  and  dia¬ 
phragm. 

The  shell  is  cast  in 
sections,  one  for  each 
stage.  These  are  set  be¬ 
tween  two  end  casings, 
turned  and  bored. 
Tongue-and-groove 
joints  on  these  castings 
insure  correct  alignment, 
and  fibrous  packing  in  the 
grooves,  in  addition  to 
metal  contact  of  the  sur¬ 
face,  insures  steam  tight¬ 
ness.  A  casing  built  in 
this  manner  possesses 
two  distinct  advantages 
over  a  solid  casing.  There 
is  no  probability  of  crack¬ 
ing  due  to  rapid  temper¬ 
ature  changes,  and  the 
size  of  turbine  may  be 
increased  by  the  addition 
of  more  units.  The  end 
castings  carry  the  weight 
of  the  turbine  and  have 
supports  bolted  to  the 
bed  plate. 

The  shaft,  where  it 
passes  through  the  dia¬ 
phragm,  is  fitted  to  a 
bronze  bushing  with  a 
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few  thousandths  of  an  inch  clearance.  This  bushing  seats  on  the 
metal  surface  of  the  diaphragm  with  latitude  for  slight  side  motion. 
It  is  kept  to  its  seat  by  the  steam  pressure,  but  can  move  sideways 
to  accommodate  any  whipping  motion  of  the  shaft.  The  turbine 
as  built  at  the  present  time  by  the  Kerr  Company  is  quite  different 
from  the  original  type.  A  sectional  view  of  it  is  shown  in  Fig.  78. 
The  Pelton  form  of  bucket  has  been  abandoned  as  well  as  the  separate 
nozzles.  These  are  formed  by  walls  within  the  diaphragms  and  thin 
metal  vanes  die-pressed  into  shape  and  cast  into  the  diaphragm.  They 
are  of  slightly  converging  form.  Fig.  79  shows  a  diaphragm  with 
nozzles. 

The  buckets  as  now  made  are  shown  in  Fig.  80.  They  are  drop 
forgings  held  in  dovetail  slots  and  riveted.  The  outer  ends  are 
rigidly  held  in  a  shroud  ring  to  which  they  are  riveted. 

COMPOUND  IMPULSE  TURBINE  WITH  PRESSURE  STAGES 
AND  VELOCITY  STEPS 

One  of  the  simplest  and  most  effective  ways  of  compounding 
turbines  is  by  both  pressure  stages  and  velocity  steps.  The  turbine 
shell  is  divided  by  diaphragms  into  a  number  of  different  cells,  seldom 
more  then  five,  except  for  marine  work,  where  more  are  necessarily 
employed.  There  being  comparatively  few  stages,  it  will,  in  most 
cases,  be  necessary  to  employ  diverging  nozzles  so  proportioned  that 
the  steam-  may  be  completely  expanded  within  the  confines  of  these 
nozzles,  from  the  initial  pressure  to  the  pressure  in  the  chamber  into 
which  the  steam  is  discharging.  It  will  be  remembered  that  multi¬ 
stage  turbines  of  the  Rateau  type  do  not  require  expanding  nozzles 
because  of  the  relatively  small  drop  in  pressure  from  stage  to  stage. 

Turbines  of  the  type  now  being  described  differ  from  the  Rateau 
type  in  another  most  important  particular.  Each  cell,  or  chamber, 
of  this  type  contains  two  or  more  sets  of  rotating  vanes,  while  turbines 
of  the  Rateau  type  have  but  one  wheel  and  one  set  of  vanes  in  each 
chamber.  The  steam  on  leaving  the  nozzles  impinges  upon  the  first 
set  of  running  vanes,  and,  as  the  steam  leaves  these  vanes,  it  flows 
into  a  set  of  guides  of  some  sort  and,  as  the  case  may  be,  is  returned 
to  other  vanes  of  the  same  set,  or  to  a  different  set  of  vanes  on  the 
same  wheel,  or  to  the  vanes  of  a  separate  wheel.  The  steam  may 
pass  through  from  one  to  three  sets  of  redirecting  guides,  and  may 
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Plan  View 


Fig.  81.  Plan  and  Elevation  Showing  Steam  Passages  in  Curtis  Two-Stage  Steam  Turbine 
Courtesy  of  General  Electric  Company,  Schenectady,  New  York 
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impinge  upon  two  to  four  sets  of  rotating  elements.  It  is  immaterial, 
so  far  as  the  principle  of  the  action  is  concerned,  whether  the  steam 
acts  successively  upon  a  number  of  rotating  wheels  or  whether  it  is 
returned  again  and  again  into  different  vanes  of  the  same  wheel. 
If  the  latter  form  of  construction  is  adopted,  the  turbine  will  neces¬ 
sarily  be  more  compact  and  the  rotating  shaft  will  be  shorter. 

The  more  velocity  steps  the  turbine  has  per  stage,  the  fewer 
number  of  stages  will  be  necessary,  but,  in  general,  it  is  found  more 
economical  to  increase  the  pressure  stages  than  to  increase  the 
velocity  steps.  It  must  be  remembered  that  in  this  type  of  turbine 
the  steam  is  completely  expanded  within  the  nozzle,  and  that  the 
temperature  and  pressure  of  this  expanded  steam  are  the  same  within 
the  confines  of  any  particular  cell.  As  the  steam  passes  through 
successive  rotating  vanes,  it  gradually  loses  velocity  and,  conse¬ 
quently,  the  succeeding  passages  must  be  made  larger  and  larger, 
in  order  that  the  same  volume  of  steam  may  pass  through  at  the 
lower  velocity  in  a  given  time.  In  other  words,  the  passage  area 
must  increase  in  proportion  to  the  reduction  in  velocity.  If  this 
point  is  not  clearly  borne  in  mind  when  looking  at  the  vanes  of  a 
turbine  of  this  type,  one  might  think  that  the  increased  size  of  the 
passages  was  to  provide  for  increased  expansion  of  the  steam.  In 
the  Terry  steam  turbine,  which  is  of  this  type,  a  portion  of  the  steam 
is  allowed  to  escape  as  it  passes  through  successive  buckets,  so  that 
the  volume  is  gradually  reduced  as  the  velocity  decreases. 

Curtis  Turbine.  Undoubtedly  the  best-known  turbine  of  this 
type  is  the  Curtis,  which  has  been  developed  by  the  General  Electric 
Company,  and  is  being  built  at  their  works  at  Schenectady,  New 
York,  and  Lynn,  Massachusetts.  Rights  to  build  the  Curtis  turbine 
for  marine  propulsion  are  controlled  by  the  Fore  River  Ship-Building 
Company  of  Quincy,  Massachusetts. 

For  ordinary  purposes,  up  to  9000  kilowatts,  the  Curtis  turbine 
does  not  have  over  four  stages,  with  two  velocity  wheels  per  stage, 
except  in  the  larger  sizes  of  turbine,  when  a  fifth  cell  is  provided, 
which  contains  a  single  rotating  wheel  without  redirecting  guides, 
for  abstracting  any  residual  velocity  there  may  be  in  the  steam  after 
passing  the  fourth  stage.  The  marine  turbine  of  this  type  installed 
in  the  United  States  Cruiser  Salem  had  seven  pressure  stages  with 
four  velocity  steps  in  the  first  stage  and  three  in  each  of  the  others. 


459 


102  STEAM  TURBINES 

Fig.  81  shows  in  diagrammatic  form  the  principle  of  the  steam 
action  in  the  Curtis  turbine.  Steam  passes  from  the  steam  chest 


through  the  nozzles,  each  set  of  which  may  be  closed  by  a  valve 
operated  from  the  governor.  The  number  open  at  any  one  time 
depends  upon  the  load.  There  are  enough  valves  and  nozzles  to 
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take  a  large  overload  without  the  use  of  the  by-pass,  which  would 
admit  high-pressure  steam  into  the  lower  stages.  Such  a  by-pass  is, 
however,  usually  provided.  It  works  automatically  and  admits 
high-pressure  steam  to  a  set  of  auxiliary  nozzles  fitted  into  the  second 
stage  of  the  turbine,  thus  increasing  the  power  with  only  a  slight 
sacrifice  in  steam  expansion  and  consequent  economv. 

1  he  nozzles  are  designed  to  produce  such  a  drop  in  pressure  from 
stage  to  stage  that  equal  amounts  of  work  are  done  in  each  stage. 
1  his  does  not  correspond  to  an  equal  drop  in  pressure  by  any  means, 
for  there  are  more  heat  units  in  a  given  drop  of  pressure  in  the  lower 
than  in  the  higher  ranges.  With  many  stages  in  a  Curtis  turbine,  the 
low-pressure  diaphragms  might  be  fitted  with  plain  cylindrical  nozzles. 

Steam  enters  the  first  row  of  rotating  vanes*  from  the  nozzles, 
is  deflected  from  these  vanes  to  the  guides,  or  intermediates  as  they  are 
technically  called  by  the  General  Electric  Company,  and  is  redirected 
to  the  next  row  of  moving  vanes,  and  so  on,  passing  from  the  last 
row  directly  into  the  next  and  again  to  the  next  stage  as  before. 

As  has  already  been  mentioned,  the  number  of  pressure  stages 
and  velocity  steps  in  the  Curtis  turbine  vary  with  the  size  of  the  unit. 
In  sizes  from  /  5  to  300  kilowatts,  there  are  two  stages  and  three 
•velocity  steps,  as  shown  in  the  diagram,  Fig.  81.  The  500-t  to 
3000-kilowatt  sizes  are  four-stage,  with  two  velocity  steps  per  stage, 
while  those  of  over  3000  kilowatts  are  five-stage,  with  only  a  single 
wheel  in  the  fifth  chamber  and,  of  course,  no  reducing  buckets. 
The  turbines,  in  sizes  up  to  300  kilowatts,  are  generally  of  the  hori¬ 
zontal  type,  the  larger  sizes  being  vertical.  Fig.  82  shows  a  100- 
kilowatt  horizontal  turbine,  and  Fig.  83,  a  vertical  turbine  of  9000- 
kilowatt  capacity.  A  sectional  view  of  the  turbine  as  fitted  in  the 
U.  S.  S.  Salem  is  shown  in  Fig.  84. 

It  may  be  interesting  to  note  the  speeds  of  rotation  of  Curtis 
turbines  of  various  sizes. 


500  kilowatts 
1000  kilowatts 
2000  kilowatts 
5000  kilowatts 
9000  kilowatts 
Marine  turbines 


approx. 

approx. 

approx. 

approx. 

approx. 

approx. 


1800  r.p.m. 
1200  r.p.m. 
900  r.p.m. 
800  r.p.m. 
750  r.p.m. 
250  r.p.m. 


*The  rotating  vanes  are  called  buckets  by  the  General  Electric  Company. 
fThe  General  Electric  Company  builds  a  special  500-kilowatt  vertical  turbine  having 
only  two  stages  with,  consequently,  three  rows  of  revolving  vanes  per  stage. 
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Ti,ig.  S3.  Vertical  Curtis  Turbine  of  9000-Kw.  Capacity 
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Fig.  84.  Sectional  View  of  the  Curtis  Turbine  in  the  U.  S.  S.  Salem 
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Fig.  85.  Section  of  Casing  of  Four-Stage  Curtis  Vertical  Turbine 
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Fig.  86.  Group  of  Nozzles  for  High-rressure  End 


Casing.  Fig.  85  shows  the  section  of  the  casing  of  a  four-stage 
turbine.  It  is  built  of  cast  iron  of  four  parts  for  sizes  up  to  3000-kilo¬ 
watts,  and  six  parts  for  5000  kilowatts  and  larger  sizes.  This  casing 
holds  the  stationary  reversing  vanes  and  supports  the  diaphragm,  the 
details  of  which  are  clearly 
shown  in  Fig.  85.  A  rep¬ 
resents  the  inlet  nozzle  for 
the  first  stage,  B  the  guides 
or  intermediates,  C  the 
diaphragm  separating  the 
first  and  second  stage,  D 
the  ledge  on  the  casing  which  supports  the  diaphragm,  E  the  spider 
of  the  rotating  wheel,  F  the  wheel  plates,  and  G  the  distance  piece 
at  the  outer  rim  of  the  wheels. 

Nozzles.  The  nozzles  are  grouped  together,  not  as  in  the  Rateau 
turbine,  but  in  one  single  group  for 
each  stage,  thus  admitting  a  single 
steam  belt  to  a  part  of  the  wheel  pe¬ 
riphery  only.  The  Rateau  turbine  also 
admits  steam  to  only  a  portion  of  the 
periphery,  but  in  this  turbine  there  are 
several  groups  of  nozzles  instead  of 
one,  arranged  at  equal  intervals  around 
the  periphery. 


Fig.  87.  Portion  of  Diaphragm, 
Showing  Construction  of  Buckets 


Fig.  88.  Buckets  of  1000-Kw.  Curtis 
Steam  Turbine 


Fig.  86  shows  a  group  of  nozzles  for  the  high-pressure  end  of 
the  turbine.  The  outlet  is  of  rectangular  section,  slightly  rounded 
at  the  corners,  which  the  makers  claim  gives  better  results  with  this 
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type  of  turbine  than  the  elliptical  outlet  used  in  the  De  Laval.  The 
nozzles  are  reamed  out  of  bronze  castings  and  riveted  to  the  casing. 

Vanes.  The  vanes,  usually  called  buckets  by  the  Curtis 
manufacturers,  are  crescent-shaped  in  cross  section,  as  is  common  for 
impulse  turbines. 

The  construction  of  buckets  and  wheels  is  shown  by  Figs.  87 
and  88.  The  wheel  is  a  steel  disk  with  the  rim  enlarged  so  that  a 
groove  of  dovetail  section  may  be  cut  in  its  periphery.  The  buckets 
have  a  corresponding  dovetailed  root  which  fits  snugly  into  the  groove 
of  the  wheel.  At  intervals  the  groove  has  openings  for  the  insertion 
of  buckets,  Fig.  87.  These  openings  are  then  closed  by  means 


Fig.  89.  Rotating  Wheels  of  the  Curtis  Steam  Turbine.  . . 
Showing  Two  Sets  of  Vanes 


of  a  spacing  block.  After  the  buckets  are  assembled,  the  shroud 
ring  is  riveted  to  their  outer  ends  by  means  of  the  small  projections 
shown  on  the  buckets.  This  ring  serves  the  twofold  function  of 
reducing  the  vibration  of  the  buckets  and  preventing  the  jet  of  steam 
from  spilling  over  their  ends. 

Wheels.  Fig.  89  shows  the  rotating  wheels  of  a  Curtis  turbine, 
with  two  sets  of  vanes  so  spaced  that,  as  the  wheel  rotates,  there  will 
be  one  set  of  vanes  on  each  side  of  the  guide  vanes,  or  intermediates. 
This  is  equivalent  to  having  two  rotating  wheels,  but  in  construction 
is  much  simpler.  Each  wheel,  as  shown,  rotates  in  a  chamber  by 
itself.  Figs.  89  and  90  show  the  old  style  of  bucket  segments  which 
offer  a  very  rough  surface.  In  the  present  style,  Fig.  87,  the  wheels 
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have  no  external  webs  and  no  riveting.  The  wheels,  except  in  the 
larger  sizes,  are  made  of  solid  steel,  securely  keyed  to  the  shaft  at  the 
hub.  This  hub  varies  in  length  according  to  the  stage  in  which  it 
revolves,  the  low-pressure  stages  necessarily  being  wider  than  the 
high-pressure  stages.  The  wheel  gradually  tapers  toward  its  periph¬ 
ery,  thus  maintaining  a  section  of  approximately  uniform  strength. 
Wheels  for  the  largest  sizes  of  turbine  are  built  up  of  a  cast-steel 
hub,  or  spider,  to  which  are  riveted  steel  disks,  one  on  each  side,  and 
between  them  is  riveted  a  cast-steel  distance  ring.  The  vanes  are 
riveted  in  segments  onto  the  outer  edges  of  the  disks,  as  is  clearly 
shown  in  Figs.  83  and  84. 

Guides.  The  guide  vanes,  or  intermediates,  are  necessarily  in 
one  group  of  sufficient  extent  to  catch  the  steam  belt  as  it  issues  from 
the  rotating  wheels.  The  group  naturally  extends  at  first  over  only 
a  small  arc  of  the  circumfer¬ 
ence,  but  this  arc  increases 
in  extent  in  each  stage  until 
both  nozzles  and  interme¬ 
diates  entirely  surround  wheel 
and  casing.  The  guide  vanes 
are  in  cross  section  like  the 
revolving  vanes,  but  are  set 
in  a  reverse  position.  They 
are  set  with  a  certain  angular  advance  from  the  nozzles,  depending 
upon  the  speed  of  rotation,  so  that  the  steam  leaving  the  vanes  will 
strike  full  upon  them.  Like  the  vanes,  they  have  to  provide  a 
successively  increasing  passage  area  to  allow  for  the  lower  velocity 
of  the  steam,  if  more  than  one  set  of  guides  is  used  per  stage. 

Diaphragm.  The  style  of  diaphragm  is  best  shown  in  Figs.  84 
and  85,  which  also  clearly  show  the  construction  of  the  large  wheels. 
The  diaphragm  is  an  iron  casting — steel  in  the  higher  stages  because 
the  drop  in  pressure  is  greatest  there,  and,  consequently,  a  greater 
load  on  the  diaphragm — slightly  dished  in  shape  toward  the  high- 
pressure  side  to  give  greater  strength.  It  is  provided  with  bronze 
bushings  where  the  shaft  passes  through,  these  bushings  being  fitted 
with  slight  clearance  to  prevent  leakage.  The  ends  of  the  casing  are 
packed  with  carbon  packing  to  prevent  leakage  of  steam  into  the 
air  at  the  high-pressure  end,  and  leakage  of  air  into  the  turbine  at  the 


Fig.  90.  Revolving  Buckets  for  Curtis 
Steam  Turbine 

Courtesy  of  General  Electric  Company 
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low-pressure  end,  where  leakage  would  have  a  detrimental  effect  upon 
the  vacuum. 

Bearings.  All  sizes  of  the  Curtis  turbine  of  500  kilowatts  and 
over  are  of  the  vertical  type  with  only  one  working  bearing,  located 
at  the  lower  end  of  the  shaft*.  This  bearing  consists  of  a  short  cylin¬ 
drical  block  of  cast  iron  fitted  with  two  dowel  pins  and  a  key,  as 
shown  in  Fig.  91,  and  a  corresponding  cast-iron  block  having  a  hole 
through  its  center,  into  which  a  pipe  is  threaded  for  supplying  some 
form  of  lubricant,  either  water  or  oil. 

Fig.  92  shows  the  bearing  assembled  on  the  lower  end  of  the 
shaft.  The  upper  bearing  with  dowel  pins  and  key  fits  into  corre¬ 
sponding  dowel  holes  and  keyway  in  the  bottom  of  the  shaft,  and 


Fig.  91.  Bearing  Surfaces  in  Step  Bearing  of  Curtis  Turbine 
Courtesy  of  General  Electric  Company,  Schenectady,  New  York 


rotates  with  it.  When  the  oil  is  supplied  to  the  bearing,  which  is, 
of  course,  under  a  high  pressure,  it  fills  the  central  circular  space 
between  the  blocks  and  forces  them  slightly  apart.  The  oil  then 
escapes  between  the  annular  edges  of  these  two  blocks  and  is  col¬ 
lected  into  a  drain  and  returned  to  the  original  supply.  If  water  is 
used  for  a  lubricant,  it  is  allowed  to  flow  up  into  the  base  of  the  tur¬ 
bine  and  mingle  with  the  exhaust  steam  on  its  way  to  the  condenser. 
The  pressures  maintained  by  the  lubricating  pump  in  practice  vary 
from  180  to  450  pounds  per  square  inch.  It  is  thus  seen  that  the 
two  bearing  blocks  do  not  come  into  actual  contact,  but  that  the 
weight  of  the  turbine  is  supported  upon  a  film  of  lubricant.  Should 
the  lubricating  pump  fail  in  its  supply,  no  more  serious  damage  would 

*The  horizontal  construction  is  favored  at  the  present  time  and  the  General  Electric  Com. 
pany  build  all  sizes  of  turbines  in  that  style. 
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occur  than  the  abrasion  of  the  step  , bearing,  and  a  new  one  could 
readily  be  inserted,  as  the  figure  will  show. 

Riedler=Stumpf  Turbine.  The  turbine  developed  by  Professors 
Riedler  and  Stumpf  for  the  larger  powers  necessitating  lower  speeds 
was  provided  with  two  to  four  pressure  stages,  with  two  velocity 
steps  per  stage,  and  this  turbine  expanded  the  steam  on  the  same 
principle  as  the  Curtis,  but  the  details  of  construction  and  general 


arrangement  were  entirely  different.  In  the  two-stage,  and  even  in 
the  four-stage,  turbine  the  overhung  type  of  wheel  developed  in  the 
single-stage  turbine  was  adhered  to,  the  generator  being  between 
the  two  turbine  wheels  with  a  bearing  at  each  end.  Fig.  93  shows 
this  arrangement  in  a  5000-kilowatt,  two-stage  turbine  revolving  at 
750  r.p.m.,  with  two  velocity  steps  to  each  stage.  In  this  particular 
turbine  the  steam  is  returned  through  U-shaped  guide  passages  to  a 
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second  set  of  buckets  on  the  same  wheel,  these  buckets  being  larger 
than  the  first  because  of  the  lower  velocity.  Fig.  94  shows  a  500- 
kilowatt,  four-stage  turbine  of  the  same  type.  These  have  been 
built  both  vertical  and  horizontal,  the  vertical  arrangement  resem- 
bling  externally  the  Curtis  turbine. 

Fig.  95  shows  a  vertical  four-stage,  two-step  turbine  of  750 
r.p.m.  developing  the  same  power  as  that  shown  in  Fig.  94. 


The  Reidler-Stumpf  turbine  was  formerly  manufactured  by  the 
Allgemeine  Elektridtats  Gesellschaft  of  Berlin,  but,  as  this  company 
is  now  licensed  to  manufacture  under  Curtis  patents,  it  does  not 
appear  that  the  manufacture  of  the  former  type  is  being  actively 
carried  on  at  the  present  time. 

Terry  Turbine.  In  the  medium  sizes  of  turbines,  up  to  about 
360  kilowatts,  which  are  to  operate  condensing,  the  Terry  steam 


470 


I 


Fig.  94.  500-Kw.  Four-Stage  Riedler-Stumpf  Turbine 
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1* ig.  9o.  Vertical,  Four-Stage,  500-Kw.  Riedler-Stumpf  Turbine 
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Fig.  96.  Section  Through  Two-Stage,  Condensing 
Terry  Steam  Turbine 


Fig.  97.  Section  of  Return-Flow  Terry  Steam  Turbine 
Courtesy  of  Terry  Steam  Turbine  Company,  Hartford,  Connecticut 
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turbines  are  of  the  two-stage  type,  as  illustrated  in  Fig.  96.  The 
turbine  consists  essentially  of  two  single-stage  wheels  in  the  same 
casing,  separated  by  a  diaphragm.  The  nozzles  of  the  first  stage 
expand  the  steam  to  about  atmospheric  pressure  and,  after  parsing 
through  the  wheel,  it  is  further  expended  to  condenser  pressure  in 
the  nozzles  of  the  second  stage. 


Jb  ig.  9S.  .Return-Flow  Steam  Turbine  with  Cover  Lifted 
Courtesy  of  Terry  Steam  Turbine  Company,  Hartford,  Connecticut 


More  recently  the  Terry  Steam  Turbine  Company  have  devel¬ 
oped  the  turbine  shown  in  Fig.  97.  This,  as  will  be  seen,  consists 
of  a  Terry  turbine  whee'l  in  combination  with  a  Rateau  pressure 
stage  element,  the  Terry  wheel  being  at  the  high-pressure  end  of  the 
machine.  An  interesting  feature  of  this  turbine  is  the  so-called 
return-flow  principle  adopted  in  its  construction.  The  steam,  after 
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having  passed  through  the  Terry  wheel,  is  at  slightly  above  atmos¬ 
pheric  pressure.  It  now  travels  to  the  other  end  of'  the  turbine  and 
passes  through  the  Rateau  element  in  the  reverse  direction.  The 


Fig.  99.  Phantom  View  of  Spiro  Turbine,  Showing  Extreme  Simplicity  and  Compactness 
Courtesy  of  Buffalo  Faroe  Company,  Buffalo,  New  York 

purpose  of  this  is  to  prevent  leakage  of  air  into  the  condenser  where 
the  shaft  passes  through  the  casing.  Fig.  98  shows  an  external  view 
of  this  turbine  with  cover  lifted. 

Buffalo  Forge  Spiro  Tur=  ,  *  Exhaust 

bine.  The  Buffalo  Forge  Com¬ 
pany  have  developed  a  novel 
construction  of  turbine  called 
the  Spiro  turbine,  a  phantom 
view  of  which  is  shown  in  Fig. 

99.  As  will  be  seen,  it  con¬ 
sists  essentially  of  two  double 
helical  gears  rotating  in  a 
cast-iron  casing,  which  closely 
surrounds  them.  The  steam 
enters  through  two  openings, 
one  on  each  side  of  a  central 
ridge  in  the  bottom  of  the  casing,  Fig.  100,  and  is  admitted  to  a 
tooth  space  at  the  center  of  the  rotors.  As  the  gears  rotate,  this  tooth 
space  extends  in  length  across  the  entire  width  of  turbine,  thus  expand- 


v  Steam  Inlet 


Fig.  100.  Section  of  Spiro  Cylinder  and 
Rotors  at  Midlength 
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ing  the  steam.  The  maximum  ratio  of  expansion  is  stated  by  the 
makers  to  be  1  to  6.  This  turbine,  therefore,  is  only  run  non-condens¬ 
ing  and  is  useful  where  steam  economy  is  of  secondary  importance 
compared  with  simplicity  and  compactness. 

REACTION  TURBINES 

In  this  type  of  turbine,  the  steam  expansion  takes  place,  not  : 
alone  in  the  nozzles  and  guide  passages,  as  in  all  the  types  of  turbines  ij 
previously  described,  but  in  the  revolving  vanes  as  well,  approxi¬ 
mately  half  the  expansion  taking  place  in  each.  In  this  type  of  tur-  j 
bine  the  difference  in  pressure  on  the  two  sides  of  the  vanes  brings  j 
about  a  leakage  of  steam  over  the  tips  of  both  the  rotating  and  the 
guide  vanes.  That  this  leakage  may  not  be  unduly  large,  the  drop  j 
in  pressure  is  made  small  from  stage  to  stage.  The  leakage  at  the  > 
high-pressure  end  gradually  expanding  does  some  work  in  the  suc¬ 
ceeding  stages  and  becomes  relatively  small  at  the  low-pressure  end.  | 
Clearances,  however,  in  this  type  of  turbine  are  all-important  and,  j 
other  things  being  equal,  that  reaction  turbine  showing  the  best 
economy  will  be  the  one  with  the  smallest  radial  clearance.  To  make 
the  leakage  in  the  high-pressure  stages  as  small  as  possible,  the  vanes  | 
should  be  made  as  long  as  convenient,  about  five  per  cent  of  the  j 
diameter  of  the  rotor  being  considered  a  minimum. 

In  turbines  of  the  R'ateau  type,  there  is  a  diaphragm  separating 
the  different  stages.  This  extends  close  to  the  shaft,  permitting 
leakage  only  through  the  small  annular  space  between  shaft  and  | 
bushing,  a  comparatively  unimportant  matter,  as  these  clearances  ; 
may  be  made  very  small.  Besides  this,  carbon  or  labyrinth  pack-  j 
ing  may  be  provided,  which  will  make  the  leakage  from  stage  to 
stage  almost  negligible.  Moreover,  there  is  no  tendency  to  leak 
over  the  tips  of  the  running  vanes,  because  the  pressure  is  the  same 
on  both  sides  of  them. 

In  the  reaction  type  of  turbine,  however,  there  is  no  diaphragm 
from  stage  to  stage  and,  instead  of  each  rotating  wheel  being  a 
separate  element,  it  is  customary  to  fasten  the  vanes  in  rows  to  the  | 
rotating  drum  or  cylinder.  In  this  style  of  machine  one  set  of  guide 
vanes  and  one  set  of  revolving  vanes  constitute  a  stage,  and  it  can  j 
readily  be  seen  that  the  opportunity  for  leakage  between  the  tips  of  j 
the  stationary  vanes  and  the  drum  of  the  rotor  is  very  much  greater  ! 


Fig.  101.  Essential  Features  of  Parsons  Turbine 
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than  in  the  Rateau  type,  the  annular  space  in  the  two  types  being 
proportional  to  the  diameters  of  shafting  and  drum.  The  tendency 
to  leak  over  the  tips  of  the  running  vanes  is  even  greater,  because  of 
a  greater  diameter.  However,  friction  losses,  which  are  approxi¬ 
mately  proportioned  to  the  square  of  the  steam  velocity  with  reference 
to  the  vanes,  will  be  very  much  less  in  the  reaction  type  of  turbine 
than  in  the  impulse  type,  because,  the  steam  velocities  are  compara¬ 
tively  low. 

Parsons  Turbine.  The  Honorable  Charles  A.  Parsons  of  Eng¬ 
land  is  responsible  for  the  successful  development  of  the  reaction 
type  of  turbine.  His  first  turbine,  made  in  1884,  was  of  10  h.p., 
18,000  r.p.m.,  and  when  running  non-condensing  with  92  pounds  of 
steam  pressure  by  the  gage,  it  is  claimed  that  only  25  pounds  of 
steam  per  brake  horsepower  per  hour  were  consumed.  In  1888,  a 
50-h.p.  turbine  at  7000  r.p.m.  was  constructed,  and  soon  after  a 
200-h.p  at  4000  r.p.m.  showed  good  economy.  It  must  be  remem¬ 
bered  that  the  chief  problem  of  the  turbine  designer  has  been  to 
reduce  rotative  speeds  without  material  sacrifice  in  economy. 

Parsons  turbines  are  manufactured  in  the  United  States  by  the 
Westinghouse  Machine  Company  of  Pittsburgh,  and  by  the  Allis- 
Chalmers  Company  of  Milwaukee,  Wisconsin,  the  former  acquiring 
the  right  to  manufacture  in  1885,  and  putting  the  first  turbine  on 
the  market  three  years  later.  For  marine  purposes,  licenses  to  build 
Parsons  turbines  have  been  issued  to  several  firms. 

The  essential  features  of  the  Parsons  turbine  are  clearly  illus¬ 
trated  by  the  cross  section  shown  in  Fig.  101.  Steam  enters  at  E 
and,  in  passing  through  the  annular  space  between  the  cylinder  walls 
and  rotating  elements,  gradually  expands  in  volume  until  it  exhausts 
at  G.  The  rotor  is  usually  built  in  three  different  diameters  to 
facilitate  mechanical  construction  and  to  avoid  excessively  small  and 
excessively  large  vanes.  It  is  thus  possible  to  use  a  large  number  of 
vanes  of  the  same  size.  When  the  length  of  vane  would  otherwise 
become  too  great,  the  same  passage  area  may  be  provided  by  short¬ 
ening  the  vane  and  increasing  the  diameter  of  the  drum.  While, 
theoretically,  the  passage  area  of  the  vanes  should  gradually  increase, 
it  is  found  in  practice  that  without  any  detrimental  effect  in  economy 
several  rows  of  vanes  may  be  made  of  the  same  height,  and  thus  the 
areas  will  increase  step  by  step  instead  of  in  a  gradual  curve. 
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Since  the  pressure  of  steam  is  greater  on  the  steam  side  of  the 
vanes  than  on  the  exhaust  side,  there  will  result  an  end  thrust  which 
must  in  some  way  be  balanced.  This  thrust,  due  to  the  static  pres¬ 
sure  of  the  steam,  is  augmented  by  the  thrust  on  the  vanes  due  to 
the  impact  and  reaction  of  the  steam  in  passing  through  them.  To 
balance  these  thrusts,  the  balancing  pistons  shown  at  L,  M,  and  N, 
Fig.  101,  are  provided.  These  are  connected  to  the  steam  and 
exhaust  spaces  by  the  passages  0,  P,  and  Q,  so  that  the  pressure  can 
be  readily  balanced.  It  is,  of  course,  necessary  to  provide  some  sort 
of  thrust  block  to  meet  the  requirements  of  varying  conditions,  but  it 
need  not  be  large,  and  it  serves  in  general  as  an  adjustment  bearing 
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Fig. 

102.  View  of  Reaction  Blading,  Showing  Method  of  Mounting 

Courtesy  of  Westinghouse  Machine  Company,  East  Pittsburgh,  Pennsylvania 

to  keep  the  rotor  in  correct  alignment,  and  is  so  arranged  that  the 
longitudinal  position  of  the  rotor  may  be  slightly  changed  if  desired. 
A  mark  on  this  block  shows  when  the  rotor  is  in  its  correct  position. 

Casing.  The  casing  is  made  with  diameters  to  accommodate  the 
various  sizes  of  drums  and  blading  on  the  rotor.  On  the  inside  of 
the  casing  are  the  rings  of  fixed  vanes  or  guides  which  fit  between  the 
rings  of  rotating  vanes  on  the  drum.  The  casing  is  divided  hori¬ 
zontally,  so  that  by  lifting  the  cover  all  working  parts  are  exposed. 
In  very  large  turbines  the  cover  slides  over  four  graduated  guides, 
one  at  each  corner,  so  that  in  lifting  it  the  engineer  can  readily  see 
that  it  is  always  kept  horizontal  while  being  moved,  in  order  to 
avoid  binding  or  injuring  the  blading. 
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Fig.  103.  Rotor  of  Westinghouse-Parsons  Turbine  with  Balance  Pistons 
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Fig.  104.  Section  of  Westinghouse-Parsons  Turbine 
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Vanes.  The  vanes  are  made  of  suitable  material,  drawn  to  the 
proper  section,  heat  treated,  and  cut  to  length.  The  root  ends  are 
slightly  upset  and  a  small  hook  or  shoulder  formed,  as  shown  in 
Fig.  102.  The  grooves  in  the  rotor  are  of  dovetail  section  and  have 
a  small  auxiliary  groove  of  rectangular  section  in  the  bottom.  The 
steel  distance  pieces  fit  snugly  in  the  dovetailed  grooves  and  the 
shoulders  on  the  lower  end  of  the  blades  fit  down  into  the  rectangular 
groove  and  hook  under  the  distance  pieces.  This  is  a  very  strong 


Fig.  105.  Bearings  of  Westinghouse-Parsons  Turbine 


construction,  as  the  blades  could  not  be  pulled  out  without  actually 
shearing  the  metal  at  the  shoulder.  To  stiffen  the  outer  ends  of  the 
blades,  and  to  maintain  a  uniform  spacing,  a  wire  lacing  is  threaded 
through  openings  near  their  outer  edge,  twisted  between  the  adjacent 
blades,  and  soldered  into  position. 

The  Westinghouse  Machine  Company  use  a  cold-drawn  wire 
lacing  or  lashing  of  comma-shaped  cross  section.  This  is  threaded 
through  similarly  shaped  holes  near  the  tips  of  the  blades,  and  then 
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the  tail  of  the  comma  is  bent  over  between  the  blades,  holding  them 
firmly  together,  as  shown  in  Fig.  102. 

Rotor.  The  rotor,  as  before  noted,  consists  of  a  drum  of  three 
diameters.  This  drum  is  usually  built  up  of  a  hollow  steel  casting 
fixed  to  some  form  of  spider.  The  solid  rotor  would  be  prohibitively 
heavy.  Fig.  103  shows  the  Westinghouse-Parsons  rotor  with  balance 
pistons.  Fig.  104  shows  this  turbine  in  cross  section. 

Bearing .  The  rotor  being  long  and  heavy,  some  sort  of  flexible 
or  self-aligning  bearing  is  desirable,  if  not  absolutely  necessary. 
Flexibility  is  provided  in  the  De  Laval  turbine  by  means  of  the  long, 
slender  shaft,  and  in  Westinghouse  turbines,  running  at  more  than 
3000  revolutions  per  minute,  by  a  nest  of  loosely  fitting  concentric 
bronze  bushings,  with  sufficient  clearance  to  permit  a  continuous  oil 
film  between  each  two  bushings.  This  is  intended  to  form  a  cushion, 
permitting  a  certain  amount  of  vibration  in  the  shaft,  yet  restraining 
it  within  very  narrow  limits. 

It  has  been  found  by  experience  that  in  the  large  and  slower 
running  turbines  this  so-called  flexible  bearing  is  not  necessary.  For 
these,  the  Westinghouse  Machine  Company  have  now  adopted  the 
style  of  bearing  shown  in  Fig.  105.  Turbines  with  short  rotating 
shafts  would  not  require  a  special  form  of  bearing. 

Allis=Chalmers  Turbine.  The  turbine  built  by  the  Allis- 
Chalmers  Company  of  Milwaukee  is  of  the  Parsons  type  with  a  few 
special  modifications.  Fig.  106  is  a  longitudinal  section  through  a 
turbine  showing  all  essentials  and  omitting  minor  details.  Steam 
enters  from  pipe  C  after  passing  through  the  main  regulating  valve, 
which  is  under  the  control  of  the  governor.  Steam  enters  the  cylinder 
through  passage  E  and,  turning  to  the  left,  parses  through  the  alter¬ 
nate  stationary  and  moving  blades,  finally  passing  to  the  condenser 
through  connection  G.  The  balancing  pistons  are  shown  at  X, 
My  and  N.  In  the  large  sizes  the  piston  N  is  placed  at  the  other  end 
of  the  spindle;  this  reduces  the  size  of  the  piston  and  makes  it  much 
stiff er,  as  it  is  backed  up  by  the  body  of  the  spindle.  The  cylinder  is 
divided  longitudinally  into  three  sections,  the  end  pieces  being  cast 
separately;  it  is  also  divided  horizontally  in  its  central  plane. 

In  the  larger  diameters  the  blade  rings  are  made  separate 
from  the  body  of  the  spindle,  and  are  provided  with  a  taper  fit  and 
pressed  on.  The  balance  pistons  are  constructed  in  the  same  way. 
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Fig.  106.  Longitudinal  Section  through  Allis-Chalmers  Steam  Turbine — Horizontal  Parsons  or  Reaction  Type 
Courtesy  of  Allis-Chalmers  Manufacturing  Company,  Milwaukee,  Wisconsin 
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The  bearings  are  of  the  ball-and-socket  type  with  spherical 
seats.  The  oil  is  supplied  to  each  of  the  four  bearings  by  means  of 
pipes  located  in  the  lower  half  of  the  casing.  It  passes  through  the 
bearing  shells  and  is  admitted  to  the  journal  at  the  middle  of  the  top 
shell.  The  chief  purpose  of  the  collar  bearing  at  the  end  of  the 


spindle  is  to  give  an  accurate  axial  adjustment.  It  will  also  take 
up  any  small  unbalanced  thrust  which  may  occur. 

In  all  reaction  turbines,  expansion  of  the  casing  is  a  trouble¬ 
some  feature.  As  this  is  due  to  the  varying  temperatures,  there  is  an 
appreciable  difference  in  the  endwise  expansion  of  the  spindle  and  the 
casing.  The  high-pressure  end  of  the  spindle  is  held  by  a  collar 
bearing,  and  the  difference  in  expansion  is  taken  up  at  the  low- 
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pressure  end.  The  labyrinth  packing  employed  at  the  high-pressure 
end  has  small  axial  and  much  radial  clearance,  while  the  lab  / 


packing  of  the  balance  piston  at  the  low-pressure  end  may  have  small 
radial  clearance  but  must  have  large  axial  clearance  to  provide  for 
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the  difference  in  expansion.  The  Allis-Chalmers  Company  claim 
type  of  construction  permits  smaller  working  clearances  in 
sure  and  intermediate  pistons. 


Fig.  109.  Sets  of  Blades  Assembled 
Courtesy  of  Allis-Chalmers  Company ,  Milwaukee  Wisconsin 

Blading.  The  general  shape  of  vanes  of  the  Allis-Chalmers 
turbine  does  not  differ  from  that  of  other  reaction  turbines,  but  the 
method  of  securing  the  blade  to  the  casing  and  to  the  rotor  is  different 
from  that  adopted  in  the  ordinary  Parsons  type-  Each  blade  is  so 
formed  that,  at  its  root,  it  is  of  an  angular,  dovetail  shape,  and  has  a 
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small  projection  at  its  tip.  To  hold  the  roots  of  the  blade  firmly 
there  is  a  foundation  ring  A,  Fig.  107,  which,  after  being  formed  to  a 
circle  of  the  proper  diameter,  has  slots  cut  in  it  by  a  special  milling 
machine,  these  slots  being  so  shaped  as  to  receive  the  roots  of  the 
blade.  They  are  at  the  same  time  accurately  spaced  and  so  cut  as 
to  give  the  required  angle  to  the  blades.  To  protect  the  tips  of  the 
blades  and  to  bind  them  together  in  a  substantial  manner,  a  channel¬ 
shaped  shroud  ring  B ,  Fig.  107,  is  fitted.  The  small  projections  on 
the  tips  of  the  blade  fit  through  holes  cut  in  this  shroud  ring  and  are 
riveted  over.  These  rings,  A  and  B,  cover  half  the  circumference  and 
the  blades  are  assembled  on  them,  as  shown  in  Fig.  108,  before  being 
put  onto  the  rotor  or  casing.  These  foundation  rings  are  of  dove¬ 
tail  shape  in  cross  section,  and  are  inserted  into  corresponding 
grooves  in  the  turbine  casing  and  spindle,  in  which  they  are  firmly 
held  by  key  pieces.  These  key  pieces  are  driven  into  place  and  upset, 
so  as  to  fill  &  small  undercut,  shown  at  C  in  Fig.  107,  thus  securely 
locking  them  into  place.  This  construction  is  applied  to  all  blades 
of  whatever  length. 

The  flanges  of  the  channel-shaped  shroud  rings  are  made  thin, 
so  that,  in  case  of  contact  with  the  casing  from  any  accidental  cause, 
no  dangerous  results  are  likely  to  follow,  the  accidental  touch  merely 
causing  a  slight  wearing  away  of  the  flanges  of  the  shroud  without 
excessive  heating.  It  is  claimed  that  this  shape  of  shroud  ring  acts 
in  a  measure  like  a  labyrinth  packing,  retarding  appreciably  the 
leakage  of  steam.  Fig.  109  shows  a  number  of  sets  of  blades  as 
assemb’ed. 

COMBINED  IMPULSE  AND  REACTION  TURBINES 

A  feature  of  recent  development  in  turbines  of  large  powers  has 
been  the  construction  of  combined  impulse  and  reaction  machines. 
The  Westinghouse  Machine  Company  was  a  pioneer  company  in  the 
development  of  this  type  of  turbine.  The  combination  consists  of 
a  Curtis  wheel  at  the  high-pressure  end  and  Parsons  blading  at 
the  low-pressure  end.  The  Curtis  wheel  extracts  from  20  to  50 
per  cent  of  the  total  expansion  energy  and  thus  replaces  a  large 
number  of  rows  of  Parsons  blading  at  the  point  of  their  lowest 
efficiency.  The  effect  is  to  greatly  shorten  the  rotor  and  avoid  some 
serious  mechanical  difficulties  which  would  be  met  in  large  power 
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high-pressure  turbines  with  pure  Parsons  blading.  Fig.  110  shows 
in  diagrammatic  form  a  section  through  a  single-flow  turbine  of  this 
class.  Steam  enters  the  nozzle  chamber  and  is  expanded  in  the 
nozzles  and  discharged  against  a  portion  of  the  periphery  of  the 


Fig.  110.  Section  of  Combination  Impulse  and  Reaction  Single-Flow  Turbine 
Courtesy  of  Westinghouse  Machine  Company,  East  Pittsburgh,  Pennsylvania 


impulse  wheel.  The  intermediate-  and  low-pressure  stages  are  the 
same  as  those  of  a  pure  Parsons  turbine.  When  the  steam  enters 
the  cylinder,  its  pressure  and,  therefore,  its  temperature  have  been 
much  reduced,  thus  subjecting  the  cylinder  to  a  small  temperature 
difference  only. 


Fig.  111.  Section  of  Double-Flow  Steam  Turbine 
Courtesy  of  Westinghouse  Machine  Company,  East  Pittsburgh,  Pennsylvania 


Double=Flow  Turbine.  The  capacity  of  a  turbine  depends  on 
the  weight  of  steam  passed  per  unit  of  time;  this,  in  turn,  depends 
on  the  velocity  and  the  height  of  the  blades.  For  a  given  rotative 
speed  the  mean  diameter  of  the  blade  ring  is  determined  by  the 
allowable  stress  due  to  centrifugal  force,  and  there  is  a  practical 
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limit  to  the  height  of  the  blades.  In  the  double-flow  turbine,  Fig. 
Ill,  the  capacity  is  doubled  by  dividing  the  current  of  steam  after 
it  has  passed  through  the  impulse  wheel.  This  type  of  machine  is 


Fig.  112.  Section  of  Semi-Double-Flow  Steam  Turbine 
Courtesy  of  Westinghouse  Machine  Company,  East  Pittsburgh,  Pennsylvania 


therefore  especially  adapted  for  the  largest  capacities.  An  incidental 
advantage  of  this  construction  is  that  the  use  of  dummy  or  balancing 
pistons  is  entirely  obviated. 


Fig.  113.  Rotor  of  Semi-Double-Flow  Steam  Turbine 
Courtesy  of  Westinghouse  Machine  Company,  East  Pittsburgh,  Pennsylvania 


In  the  semi-double-flow  turbine,  Fig.  112,  the  steam,  after 
passing  through  the  impulse  wheel,  passes  through  a  single  section 
of  intermediate-stage  Parsons  blading.  It  then  divides,  half  of  the 
steam  flowing  through  the  drum  to  half  of  a  double-flow  low-pressure 
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reaction  blading  and  then  into  a  double-exhaust  opening  at  either 
end  of  the  turbine.  This  construction  is  now  used  by  the  Westing- 
house  Machine  Company  for  alternating-current  turbogenerators  in 
capacities  of  from  3000  to  10,000  kilowatts,  at  speeds  of  1500  to 
1800  revolutions  per  minute.  Fig.  113  shows  the  construction  of  the 
rotor  of  a  semi-double-flow  turbine.  Each  of  these  constructions 
has  its  particular  field  of  usefulness,  depending  on  the  operating 
conditions  and  the  speeds  for  which  the  turbines  are  designed. 

GOVERNING 

In  order  to  regulate  the  supply  of  steam  in  proportion  to  the 
load  on  the  steam  turbine,  there  are  several  devices  employed:  (1) 
The  pressure  of  the  steam  before  admission  to  the  steam  ghest  may 
be  controlled  by  means  of  a  throttling  governor.  (2)  In  the  c&se  of 
impulse  turbines  with  a  series  of  nozzles,  each  may,  if  desired,  be  con¬ 
nected  to  an  independent  valve  under  the  control  of  the  governor, 
so  that  the  number  of  open  nozzles  and  the  extent  of  the  steam  belt 
acting  on  the  turbine  may  be  varied  to  conform  to  the  load,  the  steam 
being  admitted  to  the  nozzles  at  full  pressure.  (3)  Steam  may  be 
admitted  to  the  turbine  at  full  pressure  at  intervals  of  long  or  short 
duration.  Any  of  these  devices  may  be  arranged  to  take  care  of  an 
ordinary  amount  of  overload.  For  very  large  overloads,  a  by-pass 
valve  is  generally  provided,  which  may  be  controlled  either  by  hand 
or  by  the  governor,  admitting  high-pressure  steam  into  one  of  the 
lower  stages  of  the  turbine. 

Of  these  devices,  the  second  evidently  is  not  applicable  to  the 
reaction  turbine  or  to  an  impulse  turbine  taking  steam  around 
the  entire  periphery.  The  other  methods  of  governing  might  be 
used  for  any  form  of  turbine. 

Throttling.  The  simplest  governor  is  undoubtedly  the  throttle 
type,  but  throttling  is  not  an  economical  way  of  regulating  power;  for, 
by  the  throttling  process,  the  steam  expands  somewhat  to  a  lower 
pressure  without  doing  useful  work.  The  work  done  goes  to  super¬ 
heat  the  steam  and,  although  no  heat  units  can  be  destroyed,  less  can 
be  recovered  from  a  pound  of  the  throttled  steam  than  from  a  pound 
at  the  initial  pressure.  The  smaller  the  load,  and  consequently  the 
more  the  throttling,  the  greater  this  loss  will  be.  Any  form  of  tur¬ 
bine,  therefore,  taking  steam  about  its  entire  periphery  and  fitted 
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with  a  throttling  governor,  would  probably  be  relatively  uneconom¬ 
ical  at  light  loads. 

It  is  not  economical  to  throttle  the  steam  pressure  before  admis¬ 
sion  to  a  set  of  properly  designed  nozzles.  Nozzles  are  designed  for  a 
definite  steam  pressure  and,  if  this  is  varied,  the  efficiency  is  bound  to 


fall  off.  Consequently,  there  is  a  twofold  loss  due  to  throttling  in  a 
turbine  of  this  type.  In  turbines  like  the  De  Laval,  supplied  with 
several  nozzles,  any  of  which  may  be  opened  or  closed  by  hand,  it  can 
readily  be  seen  that  if  there  are,  for  instance,  four  nozzles,  three  of 
which  are  opened  under  ordinary  loads,  then  a  333  per  cent  or  even 
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66§  per  cent  under-load  may  be  taken  care  of  by  hand  regulation. 
A  throttling  governor  on  such  a  turbine  would  necessarily  regulate 
only  between  these  limits  and  might  act  only  upon  one  nozzle.  On 
account  of  its  simplicity,  the  throttling  type  of  governor  has  been 
largely  used  and  is  practically  always  used  on  the  smaller  turbines, 
where  it  has  given  results  that  are  satisfactory. 

Varying  Number  of  Open  Nozzles.  Turbines  employing  partial 
admission  through  a  group  of  nozzles  like  those  of  the  Curtis  turbine 
may  regulate  the  steam  supply  by  providing  an  independent  valve 
for  each  nozzle.  This  valve,  being  under  the  control  of  the  governor, 
may  be  opened  or  closed  as  needed.  In  the  Curtis  turbine,  steam  is 
admitted  through  a  series  of  valves,  the  number  of  which  depends 
upon  the  capacity  of  the  machine.  The  valves  are  arranged  to  open 
successively,  two-thirds  of  them  being  open  at  full  load.  The  action 
of  the  valves  is  so  regulated  that  they  are  either  fully  open  or  fully 
closed.  Any  increasing  load  is  taken  care  of  by  the  opening  of  an 
additional  valve,  this  valve  closing  when  the  load  falls  off.  Very 
wide  variations  in  load  can  thus  be  carried  with  little  effect  on  steam 
economy.  The  friction,  of  course,  is  a  very  much  larger  per  cent 
of  small  loads,  so  that  the  steam  consumption  at  small  loads  would 
appear  very  much  larger  even  though  it  worked  with  the  same 
absolute  efficiency  as  at  high  loads. 

These  valves  are  controlled  from  the  governor  either  by  means 
of  some  electrical  device,  by  a  direct  mechanical  control,  or  by 
hydraulic  pressure.  The  power  to  operate  one  of  these  valves  is 
necessarily  so  great  that  it  cannot  be  moved  directly  by  the  governor, 
but  the  governor  can  operate  a  small  pilot  valve,  which  in  turn  may 
set  some  mechanism  in  motion  powerful  enough  to  do  the  work. 

The  governor  itself  is  of  the  centrifugal  type,  its  action  depend¬ 
ing  on  the  balance  between  the  forces  exerted  by  the  springs  and 
the  centrifugal  forces  of  the  revolving  weights.  Fig.  114  shows  a 
sectional  view  of  this  governor.  A  is  the  revolving  weight  which, 
acting  through  the  knife,  edges  B,  may  move  the  rod  C  against  the 
action  of  the  spring  D.  At  E  is  a  ball-bearing  gimbal  joint  which 
forms  a  junction  between  the  revolving  mass  of  the  governor  and 
the  stationary  lever  of  the  governing  arm.  The  governor  is  provided 
with  the  auxiliary  spring  F,  which  may  be  used  to  vary  the  speed  of 
the  turbine.  G  is  a  small  motor,  which  may  be  operated  from  the 
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switchboard  to  regulate  the  tension  of  this  spring  F,  thus  varying 
the  speed  of  the  turbine.  The  movement  of  the  governor  lever  is 
transmitted  through  a  connecting  rod  and  lever  to  the  pilot  valve 
of  an  hydraulic  cylinder.  To  provide  for  overloads  greater  than 
50  per  cent,  an  auxiliary  set  of  admission  nozzles  is  provided  in  the 
second  stage  of  the  turbine  which  may  take  full-pressure  steam  if 
needed. 

Varying  Time  of  Admission.  The  third  method  of  governing, 
that  by  varying  the  time  of  admission,  is  almost  invariably  used  on 


turbines  of  the  Parsons  type.  An  admission  of  steam  occurs  about 
once  in  every  thirty  revolutions  at  approximately  full  load.  The 
pilot  valve  is  continually  oscillating,  thus  preventing  any  liability  of 
sticking,  but  its  period  of  oscillating  is  varied  directly  by  the  governor. 
Hence,  steam  enters  the  turbine  in  puffs,  the  duration  of  which 
depends  upon  the  load;  at  slight  overloads  the  valve  will  be  con¬ 
stantly  open.  One  disadvantage  of  this  method  of  governing  is  that 
there  may  be  an  opportunity  for  the  turbine  to  cool  between  suc¬ 
cessive  blasts  of  steam,  thereby  causing  initial  condensation  at 
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moderate  and  light  loads.  A  by-pass  valve,  under  the  direct 
control  of  the  governor,  is  provided  on  Parsons  turbines.  For 
considerable  overload  this  valve  will  open,  letting  steam  into  the 
intermediate  stages. 

The  details  of  the  mechanism  for  controlling  steam-turbine 
governors  are  not  essentially  different  from  those  used  in  recipro¬ 
cating  engines,  except  such  as  would  be  required  by  the  greater 
speed  of  revolution.  In  turbines  of  large  size,  the  valve  cannot  be 
operated  directly  by  the  governor  but  must  always  be  moved  by 
means  of  pressure  admitted  through  a  small  pilot  valve.  Fig.  lb") 
shows  the  diagrammatic  arrangement  of  the  Westinghouse-Parsons 
governing  gear.  A  is  the  pilot  waive,  under  the  direct  influence  of 
the  governor,  which  admits  steam  to  the  large  piston  shown  at  the 
left.  This  piston  has  pressure  enough  upon  it  to  operate  the 
admission  valves. 

TURBINE  OPERATION  AND  TROUBLE* 

STARTING  TURBINES 

Lubrication.  The  first  precaution  to  be  taken  in  starting  a 
turbine  is  to  see  that  all  the  bearings  are  properly  lubricated.  If 
the  oil  is  supplied  to  the  bearings  by  auxiliary  oil  pumps,  they 
should  be  started  first.  If  a  self-contained  oiling  system  is  in  use, 
the  auxiliary  oil  pump  should  be  started  before  the  turbine  is 
started,  and,  after  the  turbine  has  been  started  and  has  acquired 
sufficient  speed  to  raise  the  oil  pressure  to  the  proper  amount, 
the  auxiliary  pump  may  be  stopped. 

In  small  size  units,  the  oil  wells  should  be  inspected  and  filled 
so  that  the  bearings  will  have  proper  lubrication  as  soon  as  the 
turbine  begins  to  revolve.  Some  small  size  units  have  no  auxiliary 
pump  but  use  forced  lubrication  from  a  pump  driven  by  the  main 
turbine  shaft.  In  this  case  the  turbine  must  be  run  slowly  until 
the  lubrication  is  assured  in  all  bearings. 

In  stopping  the  large  size  turbine  having  the  self-contained 
oiling  system,  the  auxiliary  oil  pump  should  be  started  before  the 
throttle  is  closed. 

*The  following  section  was  prepared  by  the  Commonwealth  Edison  Company,  under  the 
direction  of  Alex.  D.  Bailey,  Chief  Engineer. 
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Turning  On  Steam  Slowly.  The  steam  should  be  turned  on 
to  the  turbine  slowly  and  all  parts  heated  evenly  and  gradually,  as 
unequal  expansion  will  cause  the  cylinder  case  to  warp  or  the 
shaft  to  buckle  which  is  disastrous  to  all  turbines,  especially  the 
reaction  type. 

Methods  of  Starting.  There  are  two  methods  of  starting 
turbines,  both  finding  favor  with  various  turbine  operators. 

First  Method.  Slightly  crack  the  main  throttle  valve  or,  in 
case  the  main  throttle  valve  has  an  auxiliary  valve,  open  this 
valve  and  allow  the  steam  to  slowly  enter  the  turbine  until  the 
pressure  has  reached  about  6  pounds,  then  the  drain  should  be 
partially  opened  and  allowed  to  remain  so  until  the  temperature  of 
the  exhaust  casing  becomes  too  hot  to  bear  the  hand  on  it.  Then 
the  throttle  valve  or  auxiliary  valve  should  be  closed  and  the 
auxiliaries  started.  When  the  vacuum  at  the  main  exhaust  has 
reached  14  or  15  inches  of  mercury,  open  the  throttle  sufficiently 
to  start  the  turbine  revolving  and  then  partially  close  the  throttle 
valve  so  that  the  turbine  picks  up  speed  slowly.  The  speed  will 
continue  to  increase  with  the  increased  vacuum.  When  the  speed 
becomes  constant,  open  the  throttle  slightly  from  time  to  time 
until  the  governor  takes  control,  when  the  throttle  valve  may  be 
fully  opened.  The  time  taken  to  start  a  turbine  by  this  method 
should  be  about  twenty  minutes. 

Second  Method.  Another  method  of  starting  is  to  first  open 
the  turbine  drains  slightly,  then  start  the  auxiliaries;  when  the 
vacuum  has  reached  14  or  15  inches  of  mercury  at  the  turbine 
exhaust,  open  the  throttle  sufficiently  to  start  the  turbine  revolving. 
Now  slightly  close  its  throttle,  keeping  the  turbine  at  about 
100  r.p.m.  for  about  ten  minutes,  after  which  follow  instructions  as 
in  The  latter  part  of  the  first  method. 

In  cases  where  the  turbine  is  still  warm  from  the  previous  run, 
follow  the  latter  part  of  the  instructions,  as  in  the  first  method. 
This  also  applies  to  the  small  turbine  when  starting  cold.  The 
load  in  all  cases  should  be  built  up  gradually. 

TROUBLES  AND  REMEDIES 

Vibration.  Vibration  is  the  most  common  fault  of  turbines 
and  may  be  caused  either  by  being  out  of  balance  or  by  rubbing, 
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owing  to  some  of  the  following  causes:  water;  alignment;  rubbing; 
loss  of  lubrication;  insufficient  or  too  much  bearing  clearance; 
worn-out  buckets;  and  carbon  packings. 

Water.  Water  is  the  most  common  cause  of  vibration  and  is 
easily  visible.  Its  presence  is  necessarily  of  short  duration, 
causing  distortion  of  the  cylinder  and  shrinkage  of  the  rotor 
followed  by  the  blade  shrouding  rubbing,  throwing  the  turbine 
out  of  balance;  this  is  accompanied  by  a  peculiar  squeal  which 
disappears  with  the  water.  Should  vibration  continue,  the  turbine 
should  be  examined  for  damaged  shrouding  or  buckets  or  a  bent 
shaft. 

Alignment.  Uneven  wearing  of  bearings  or  some  distortion  of 
the  foundation  may  cause  horizontal  turbines  to  be  out  of  align¬ 
ment.  The  uneven  wearing  of  bearings  on  horizontal  machines 
may  be  checked  up  by  direct  measurements  as  follows:  Have  a 
hole  made  through  the  bearing  cap  and  top  half  of  the  bearing  of 
sufficient  length  that  a  rod  can  be  dropped  through  the  cap  and 
touch  the  shafting.  In  this  way  a  micrometer  reading  can  be 
taken  between  the  cap  and  the  end  of  the  rod  and  a  record  of 
this  dimension  kept.  This  record  will  show  the  amount  each 
bearing  wears  and  the  alignment  can  thus  be  checked. 

Any  variation  in  the  foundation  will  be  detected  by  the  tur¬ 
bine  feet  not  resting  on  the  bedplate,  this  should  be  corrected. 

Rubbing.  If  the  supporting  feet  under  the  cylinders  of 
horizontal  machines  are  rigidly  anchored,  the  expansion  of  the 
steam  admission  end  of  the  turbine  cylinder  may  cause  the  shaft 
to  be  out  of  alignment.  In  machines  having  high-  and  low- 
pressure  cylinders,  the  feet  supporting  the  high-pressure  end  should 
be  free  to  slide  on  the  bedplate,  otherwise  expansion  may  cause 
rubbing  of  the  rotor  on  the  casing  and  subsequent  touching 
between  cylinder  and  rotor.  This  may  be  caused  by  the  main 
steam  lead  to  the  turbine  being  anchored  too  stiffly  to  the  founda¬ 
tion,  allowing  no  flexibility. 

Loss  of  Lubrication.  It  is  very  essential  and  important  that 
the  lubrication  should  be  kept  in  good  condition.  To  begin  with, 
a  good  mineral  oil  should  be  used  having  a  flash  point  of  about 
450°  F.  and  a  fairly  high  viscosity  at  130°  F.,  which  should  be 
about  the  running  temperature.  When  the  turbine  is  in  continu- 


497 


140 


STEAM  TURBINES 


ous  service,  a  good  practice  is  to  draw  off  about  5  per  cent  of  the 
oil  from  the  reservoir  each  day  and  replace  it  with  new  oil.  If  a 
continuous  oil  filter  cannot  be  used,  the  oil  should  be  changed 
occasionally.  Loss  of  lubrication  is  quite  visible  by  smoke  if  the 
machine  is  operated  in  that  condition  for  any  length  of  time.  It 
may  also  cause  vibration. 

Faulty  Bearing  Clearances.  Bearing  clearances  are  very  par¬ 
ticular  in  the  smaller  sizes,  for  insufficient  clearance  prevents 
sufficient  lubrication,  thereby  losing  the  cushioning  effect.  If,  on 
the  other  hand,  the  bearing  clearance  is  too  large,  the  effect  is  the 
same,  for  then  the  rolling  action  of  the  shaft  does  not  create  an  oil 
cushion. 

Worn-Out  Buckets.  Buckets  coming  loose  on  the  revolving 
wheels  or  intermediates  or  any  foreign  substance  in  the  turbine 
left  by  careless  workmen  will  cause  rubbing,  and  vibration  will 
result.  In  vertical  machines  this  will  cause  the  step  bearing  to 
heat,  which  in  turn  will  cause  the  oil  to  overflow  the  lower  guide 
bearing.  It  will  also  cause  the  oil  to  heat  up  as  will  be  noted  by 
the  temperature  of  the  oil  in  the  discharge  from  the  step  bearing. 

After  excessive  vibration  has  been  noted,  a  section  of  the 
turbine  casing  should  be  removed  and  the  buckets  inspected;  and 
if  damage  has  been  done,  it  should  be  repaired. 

Worn-out  or  turned-over  buckets  may  not  be  noticed  in  any 
way  in  the  regular  operation  of  the  unit,  as  the  only  effect  may  be 
the  decreased  efficiency  of  the  machine  and  the  inability  to  carry 
its  full  load.  All  large  units  should  be  so  connected  that  efficiency 
tests  can  be  taken  without  disturbing  the  regular  operation  of  the 
unit.  Of  course  the  most  reliable  test  is  to  weigh  the  water  of 
condensation  and  measure  the  output  of  the  generator  by  reliable 
instruments.  A  good  steam  flow  meter  properly  installed  and 
operated  will  give  fairly  accurate  results.  If  the  water  of  con¬ 
densation  is  weighed  the  condenser  leakage  must  be  determined 
by  a  reliable  method. 

Carbon  Packing.  In  vertical  machines  if  too  much  steam  is 
used  on  the  carbon  packing  when  the  carbon  rings  are  new  and 
tight,  the  rings  will  grip  the  shaft  and  cause  the  machine  to 
vibrate.  This  might  be  remedied  by  partly  shutting  off  the  steam 
to  the  carbon  packing. 


498 


STEAM  TURBINES 


141 


In  case  the  carbon  rings  become  broken  or  get  out  of  position, 
vibration  will  result.  To  remedy  this,  the  rings  must  be  renewed 
or  replaced. 

Governing.  By  governing  we  mean  holding  the  load  on  the 
turbine  at  a  desired  amount,  and  this  is  done  by  a  mechanism 
such  as  a  centrifugal  governor  either  directly  controlling  the  main 
admission  valve  or  controlling  some  intermediate  agent  such  as 
admitting  oil  or  steam  into  a  cylinder  which  in  turn  controls  the 
main  admission  valves. 

Load  Is  Hunting.  If  the  load  is  hunting — that  is,  oscillating — 
the  cause  may  be  any  of  the  following:  Stiffness  of  the  mechanical 
governor  fulcrum  arms,  which  can  be  overcome  by  lubrication; 
some  play,  or  slackness,  in  the  lever  connections,  which  may 
easily  be  detected;  excessive  force  necessary  to  move  the  auxiliary 
controlling  valve  in  case  an  oil  or  steam  cylinder  is  used  to  operate 
the  admission  valve,  which  can  be  tested  by  hand  and  rectified  by 
cleaning;  any  slackness  or  excessive  friction  somewhere  in  the 
admission  valve  mechanism. 

Failure  of  Governor  to  Control  Speed.  Should  the  governor 
fail  to  control  the  speed  at  any  load  on  the  turbine,  either  the 
auxiliary  valves  or  the  main  admission  valves  are  leaking.  In 
cases  where  the  admission  valve  is  a  single  unit,  this  can  be 
decided  by  tapping  the  valve  with  a  hammer  to  see  if  it  seats 
properly. 

Failure  of  Governor  to  Operate.  Failure  of  the  governor  to 
operate  may  be  caused  by  any  number  of  reasons,  such  as  the 
breaking  of  some  part  of  the  governor  or  its  connections.  In  case 
an  auxiliary  cylinder  is  used  to  operate  the  main  admission  valves, 
the  loss  of  pressure  on  the  cylinder  or  leakage  past  its  piston  may 
cause  the  governor  to  become  inoperative.  In  case  the  governor 
does  not  control  the  speed  and  allows  the  turbine  speed  to  increase 
beyond  the  predetermined  point,  the  emergency  cut-out  will 
operate  and  close  the  throttle  valve.  In  this  case,  if  the  turbine 
must  carry  the  load,  the  throttle  can  be  immediately  opened  and 
the  speed  contolled  by  hand  until  the  load  can  be  reduced  or 
taken  off  of  the  machine  and  the  trouble  remedied.  The  spring 
breaking  on  the  emergency  governor  will  cause  the  machine  to 
trip  out  and  close  the  throttle.  In  this  case  the  hand  operation 
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of  the  throttle  valve  must  be  resorted  to  in  order  to  carry  the 
load  for  a  short  time. 

Adjusting  Clearances  between  Motor  and  Rotor.  In  horizontal 

machines  the  turbine  rotor  is  kept  in  relative  position  to  the 
cylinder  by  means  of  the  thrust  block.  This  position  should  be 
checked  at  regular  intervals  and  the  necessary  readjustments 
made  to  maintain  the  proper  clearances  between  the  stationary 
and  revolving  parts.  In  vertical  .machines  the  clearances  are 
adjusted  by  raising  or  lowering  the  step  blocks. 

Troubles  Originating  Outside  of  Turbine.  Troubles  originating 
away  from  the  turbine  itself  but  which  vitally  affect  the  turbine 
operation  may  be  listed  as  follows: 

High  Water  of  Condensation  in  Condenser.  High  water  of 
condensation  in  the  condenser  is  caused  by  the  failure  of  the  hot 
well  pump  to  remove  the  water  as  fast  as  it  is  condensed. 

Bursted  Tubes  in  Condenser.  One  or  more  bursted  tubes  in 
the  condenser  allows  more  water  to  flow  into  the  condenser  than 
the  hot  well  pump  is  capable  of  taking  care  of. 

Loss  of  Circulating  Water.  Loss  of  circulating  water  may  be 
caused  by  an  air  pocket  which  may  be  formed  in  the  condenser  if 
the  condenser  is  above  the  level  of  the  source  of  the  circulating 
water  supply  and  is  dependent  on  the  siphon  effect  of  the  dis¬ 
charge  from  the  condenser.  If  this  air  pocket  is  discovered  in 
time  the  difficulty  may  be  remedied  by  opening  the  priming  pipe 
connections  and  drawing  the  air  off  through  the  air  pump,  other¬ 
wise  the  load  will  have  to  be  lowered  or  removed  from  the  unit 
and  the  unit  started  fresh. 

Loss  of  Water  to  Circulating  Pumps.  Loss  of  water  to  the 
circulating  pumps  may  be  caused  by  the  stoppage  of  water  at  the 
intake  screens,  such  as  foreign  matter  blocking  up  the  screens. 
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REVIEW  QUESTIONS 

ON  THE  SUBJECT  OF 

GAS  AND  OIL  ENGINES 

PART  I 


v  1.  Into  what  classes  are  heat  engines  divided? 

2.  If  a  perfect  gas  is  raised  in  temperature  while  its  pressure 
is  unchanged,  how  will  the  volume  increase? 

3.  What  is  the  difference  between  a  vaporizer  and  a  car¬ 
bureter? 

4.  Describe  the  Fairbanks-Morse  Model  “T”  carbureter. 

5.  Show  the  form  of  an  ideal  indicator  card  for  the  Diesel 

cycle. 

6.  A  gas  engine  with  25  per  cent  clearance  takes  in  its 
charge  at  14.7  pounds  per  square  inch  pressure.  What  is  the 
pressure  at  the  end  of  the  adiabatic  compression? 

7.  Make  an  ideal  indicator  card  for  the  Otto  cycle. 

8.  What  is  the  chief  characteristic  of  a  Diesel  engine? 

9.  Assuming,  the  same  data  as  in  problem  6,  what  is  the 
pressure  at  the  end  of  the  compression  when  n=1.35? 

10.  Give  sketch  and  description  of  an  alcohol  vaporizer. 

11.  Describe  the  Fairbanks-Morse  gasoline  vaporizer. 

12.  What  are  the  chief  characteristics  of  internal-combustion 
motors? 

13.  Explain  the  effect  of  tardy  explosions  in  Otto-cycle 
engines. 

14.  What  is  the  efficiency  of  the  real  Diesel  engine  in  com¬ 
parison  to  the  ideal  Diesel  engine? 

15.  How  is  gasoline  obtained  from  crude  petroleum? 

16.  How  do  gasoline,  benzine,  and  kerosene  differ? 

17.  Make  sketch  of  the  external  vaporizer  for  crude  oil. 

18.  How  are  atomizers  classified? 
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1.  Into  what  classes  may  the  modern  internal-combustion 
engine  be  divided? 

2.  How  is  the  regulation  in  the  Bruce-MacBeth  engine 
made? 

3.  How  is  starting  effected  in  the  Allis-Chalmers  engine? 

4.  Give  Roberts’  formula  for  automobile  rating. 

5.  Describe  the  vaporizing  apparatus  of  the  De  La  Vergne 
Type  “HA”  oil  engine. 

6.  Show  the  general  characteristics  of  an  indicator  card  of 
a  two-cycle  engine. 

7.  What  are  the  drawbacks  of  the  double-acting  engine? 

8.  Give  some  characteristics  of  large  gas  engines. 

9.  How  does  the  valve  arrangement  of  the  Foos  engine 
differ  from  others? 

10.  Make  a  sketch  of  the  oiling  system  of  the  Wisconsin 
motor. 

11.  What  are  the  chief  characteristics  of  the  aeronautical 
motor? 

12.  Describe  and  sketch  tiie  Theisen  gas  cleaner. 

13.  Make  a  sketch  of  the  Otto  gas  engine,  horizontal  type. 

14.  Describe  the  action  of  the  two-cycle  engine. 

15.  On  what  does  the  efficiency  of  the  Otto-cycle  gas  engine 
depend? 

16.  Give  a  description  of  the  Knight  sleeve-valve  motor. 

17.  Describe  the  governor  of  the  Crossley  oil  engine 

18.  How  is  the  cooling  of  the  Allis-Chalmers  engine  effected? 

19.  Give  a  description  of  the  Nash  engine. 

20.  Describe  the  valveless  type  of  the  two-cycle  engine. 

21.  What  is  the  highest  rating  of  large  gas  engines? 
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1.  In  a  gas  engine  ignition  system,  explain  the  action  of 
the  electric  current,  when  the  circuit  is  suddenly  broken. 

2.  Explain  the  action  of  an  induction  coil. 

3.  Describe  the  Busch-Sulzer  Diesel  engine. 

4.  Against  what  pressure  must  the  oil  be  delivered  in  a 
Diesel  engine? 

5.  What  is  the  actual  voltage  required  for  small  air  gaps 
with  80  pounds  compression? 

6.  Show  wiring  diagram  for  Bosch  high-tension  magneto. 

7.  How  can  an  increase  of  power  be  obtained  with  a 

muffler? 

8.  Describe  the  two-cycle  marine  Diesel  engine. 

9.  Give  the  essentials  in  the  construction  of  spark  plugs. 

10.  What  is  the  essential  difference  between  the  De  La  Vergne 
semi-Diesel  engine  and  the  regular  Diesel  engine? 

11.  How  is  the  cooling  of  cylinders,  cylinder  heads,  and 
piston  rods  accomplished  in  large  gas  engines? 

12.  What  is  considered  the  best  method  of  governing? 

13.  At  what  angle  does  the  exhaust  valve  open  and  close  in 
engines  of  moderate  speed? 

14.  How  may  the  waste  heat  in  exhaust  gases  be  utilized? 

15.  What  is  the  object  of  a  timer? 

16.  For  what  reason  is  a  condenser  used  in  connection  with 
induction  coils? 

17.  Give  wiring  diagram  for  magneto  igniters. 

18.  What  are  two-  or  three-stage  compressors? 

19.  What  are  the  general  characteristics  of  magnetos? 
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1.  Explain  the  chemical  action  in  a  gas-producer. 

2.  What  are  the  troubles  encountered  in  using  bituminous 
coal  in  producers? 

3.  Describe  the  Chapman  rotary  type. 

4.  For  what  purpose  are  mechanical  scrubbers  used? 

5.  Give  the  general  classification  of  the  troubles  encountered 
in  gas-producers. 

6.  What  are  the  rules  for  the  proper  cleaning  of  fire? 

7.  What  is  producer  gas? 

8.  Make  a  sketch  of  a  typical  gas-producer. 

9.  How  may  gas-producers  be  classified? 

10.  Describe  the  Westinghouse  double-zone  suction  type. 

11.  What  by-product  justifies  additional  expense  to  save  it? 

12.  How  are  gas-producers  rated? 

13.  Give  rules  for  timer  setting. 

14.  Draw  a  section  of  the  first  gas-producer. 

15.  What  is  meant  by  the  efficiency  of  a  gas-producer? 

16.  Describe  the  Hughes  pressure-type  gas-producer. 

17.  Draw  a  cross  section  of  the  Fairbanks-Morse  pressure 
regulator. 

18.  Why  cannot  the  oil  which  is  commonly  used  in  steam 
engine  be  used  in  gas  engines? 

19.  What  is  a  deflector? 

20.  Explain  the  principles  of  a  suction  gas-producer. 
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1.  How  does  the  steam  economy  of  a  good  steam  turbine 
compare  with  that  of  the  best  Corliss  engine  of  the  same  power? 

2.  What  is  the  most  serious  difficulty  that  confronts  the 
steam-turbine  designer,  and  how  may  it  be  overcome? 

3.  What  is  the  difference  between  the  impulse  and  reaction 
types  of  turbine? 

4.  In  an  impulse  turbine  designed  for  a  given  pressure  and 
vacuum,  explain  fully  what  effect  on  its  economy  would  be  pro¬ 
duced  by  changes  in  boiler  pressure. 

5.  How  does  a  nozzle  giving  maximum  velocity  to  a  steam 
jet  differ  from  one  giving  maximum  velocity  to  a  water  jet,  and 
why? 

6.  How  does  the  steam  expansion  in  the  De  Laval  differ 
from  that  in  the  Rateau  turbine? 

7.  Why  are  comparisons  of  performance  based  on  steam 
consumption  per  h.p.  per  hour,  unreliable? 

8.  Why  does  no  commercial  turbine  act  by  vitrue  of  pure 
reaction  only? 

9.  How  should  a  nozzle  expanding  steam  at  maximum- 
efficiency  from  200  lbs.  absolute  to  120  lbs.  absolute  differ  from 
one  expanding  it  from  200  lbs.  absolute  to  atmospheric  pressure? 

10.  Explain  the  function  of  a  Rateau  accumulator? 

11.  What  advantage  is  to  be  gained  by  compounding  a 
steam  turbine?  Why? 

12.  What  are  the  chief  sources  of  loss  in  the  steam  turbine? 

13.  What  are  the  essential  requirements  in  the  design  of  a 
steam  turbine? 
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REVIEW  QUESTIONS 


ON  THE  SUBJECT  OF 

STEAM  TURBINES 

PART  II 


1.  Give  a  short  description  of  the  Riedler-Stumpf  turbine. 

2.  Describe  the  method  of  speed  regulation  in  the  De  Lava! 
turbine. 

3.  What  are  the  characteristics  of  the  Sturtevant  turbine? 

4.  Show  by  diagram  the  principles  of  the  Westinghous;) 
impulse  turbine. 

5.  What  disadvantages  are  connected  with  the  De  Laval 
method  of  reducing  speeds  of  rotation? 

6.  What  device  is  adopted  on  the  De  Laval  turbine  to 
prevent  wrecking  the  entire  machine  if  it  approaches  a  dangerous 
speed  limit? 

7.  Give  a  convenient  classification  of  commercial  turbines. 

8.  Point  out  the  differences  between  the  Zoelly  and  Rateau 
turbines. 

9.  Give  a  short  description  of  the  principles  on  which  the 
Wilkinson  turbine  works. 

10.  Give  a  sketch  of  the  buckets  as  used  on  the  Kerr  turbine. 

11.  Which  is  the  simplest  and  most  effective  way  of  com¬ 
pounding  turbines? 

12.  State  the  speed  of  rotation  of  the  Curtis  turbine  of 
5000-kw.  capacity. 

13.  Describe  the  step  bearing  of  the  Curtis  turbine. 

14.  To  which  class  of  turbines  does  the  Parsons  turbine 
belong? 

15.  In  what  particular  does  the  Allis-Chalmers  turbine  differ 
from  the  Westinghouse? 

16.  What  is  the  advantage  of  the  double-flow  turbine? 

17.  What  is  the  difference  between  the  Hamilton-Holzwarth 
and  Rateau  type  of  turbine? 
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14 
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13 
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14 
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16 

Gas-cleaning 

336 
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453 

Kingston  carbureter 
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aL”  head  motor 

141 

Lenoir  engine 
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Liquid  fuel  data 

69 
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163 

characteristics 
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Crossley 
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De  La  Vergne 
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Mietz  and  Weiss 
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Low-pressure  turbines 

388 

Low-tension  magneto 
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Magnetos 

199 

Make-and-break  ignition 

190 

Marine  Diesel  engines 

174 

Marine  gas  engines 

159 

Marsh  gas 

52 

Mietz  and  Weiss  oil  engine 

165 

Mietz  and  Weiss  vaporizer 

95 

Mond  gas-producer 

328 

Morgan  gas-producer 

317 

Motor-generator  set 

197 

Mufflers 

254 
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Nash  carbureter 

84 

Nash  vertical  gas  engine 
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Nitrogen 

52 
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Oil  gas 
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Otto  cycle 
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Otto-cycle  gas  engines  (continued) 
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large  gas  engines  128 
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general  characteristics  128 

general  cylinder  construction  138 

modifications  of  106 

compounding  108 

double-acting  108 

increasing  the  compression  106 

scavenging  107 

two-cycle  engines  108 

vertical  type  115 

Otto  suction  gas-producer  307 

Overhead  valve  motor  145 

Oxygen  .  52 

P 

Parsons  turbine  366,  478 

bearing  483 

casing  479 

rotor  483 

vanes  482 

Performance  data  for  gas  engines  269 

fuel  consumption  269 
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water-gas  producer  327 
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Producer  gas,  manufacture  of  287 

chemical  action  in  gas-producer  290 

chemical  constituents  287 

fuel  293 
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efficiency  294 

heat  balance  295 

heat  losses  295 

steam  blowers  289 

typical  producer  289 

working  of  gas-producer  291 
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Producer-gas  plants 

341 

Starting  gas  engine  (continued) 

comparison  between  producer  gas 

starting  automobile  and  marine 

and  steam 

341 

motors 

247 

growth  of  industry 

343 

air  crank 

248 

producer  rating 

347 

compressed  air 

248 

results  of  tests 

348 

electric  motor 

247 

special  uses  of  producer  gas 

346 

starting  large  engines  with  com¬ 

pressed  air 

248 

R 

Starting  turbine 

495 

lubrication 

495 

Racing-boat  rating  formulas 

157 

methods  of  starting 

496 

Rateau  turbine 

438 

turning  on  steam  slowly 

495 

beamings 

441 

Steam  blowers 

289 

by-pass  valve 

•441 

Steam  turbines  357- 

-500 

diaphragm 

439 

advantages 

359 

vanes 

440 

commercial 

413 

wheels 

440 

compounding 

376 

Rathbun  gas  engine 

119 

fundamental  principles 

368 

Reaction  turbines 

476 

governing 

491 

Allis-Chalmers 

483 

throttling 

491 

Parsons 

478 

varying  number  of  open  nozzles 

493 

Real  and  Pichon  compound  turbine 

363 

varying  time  of  admission 

494 

Regulating  fuel  mixture 

253 

history 

361 

air  supply 

253 

•  installation 

397 

gas  supply 

254 

low-pressure 

388 

methods  of  mixing 

254 

nozzles 

375 

regulating  strength  of  mixture 

254 

performance 

401 

Riedler-Stumpf  turbine  424,  428, 

469 

starting 

495 

tests  % 

406 

S 

troubles  and  remedies 

496 

Sabathe  atomizer 

101 

types  of 

378 

Scavenging 

107 

Stromberg  carbureter 

82 

Schebler  carbureter 

75 

Sturtevant  turbine 

432 

Single-stage  impulse  turbines 

413 

Syracuse  gas-producer  299, 

314 

De  Laval 

414 

Riedler-Stumpf 

424 

T 

Smith  spun-glass  tar  extractor  and 

Tables 

gas  cleaner 

339 

allowable  piston  speeds  for  various 

Smith  thermostatic  regulator' 

335 

engines 

262 

Snow  oil  engine 

173 

average  mean  effective  pressures 

Spark  plugs 

222 

with  various  fuels 

260 

Starting  gas  engine 

242 

average  mechanical  efficiencies  of 

combined  hand-  and  ignition¬ 

various  engines 

265 

starting 

246 

bituminous  coal  and  low-grade 

compressed-air  starting 

243 

fuel  data 

348 

general  nature  of  problem 

242 

clearance,  per  cent  of 

259 

hand  starting 

243 

combustion  products 

54 
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steam 

292 

with  varying  loads 
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efficiency  curves  of  engines 
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268 
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351 
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Thermodynamics  of  internal-combus¬ 
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characteristics 
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efficiency 
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349 

ideal  cycle 
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pressures  and  temperatures 
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heat  balances  of  gas  and  oil 
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engines 

272 

work  done  per  cycle 
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heat  cost  of  various  priced  fuels  258 

Otto  cycle 
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270 
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Timers 
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346 

Timing  valve 
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failure  of  governor  to  operate 

499 
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turbine 

bursted  tubes  in  condenser 
high  water  of  condensation  ir 
condenser 

loss  of  circulating  water 
loss  of  water  to  circulatinj 
pumps 

vibration 
alignment 
carbon  packing 
faulty  bearing,  clearances 
loss  of  lubrication 
rubbing 
water 

worn  out  buckets 
Turbine  operation  and  trouble 
Two-cycle  engines 
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Valve  setting 
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89' 

500 

Vibrator 

212 

l 

Volumetric  efficiency 

262 

500 

500 

y 

W 

"  500 

Warren  tandem  gas  engine 

130 

496 

Water  cooling,  gas  engines 

249 

497 

Water  gas 

62] 

498 

Westinghouse  gas  engine 

115,  135 

498 

Westinghouse  gas-producer 

311 

497 

Westinghouse  impulse  turbine 

435 

497 

Wilkinson  turbine 

451 

497 

Wilson  compound  turbine 

364 

498 

495  7 

108  Z 

Zoelly  turbine 

442 

239  . 

vanes 

443 

240 

wheel 

446 

3vn-2 


Deacidified  using  the  Bookkeeper  process 
Neutralizing  agent:  Magnesium  Oxide 
Treatment  Date:  June  2004 

PreservationTechnologies 

A  WORLD  LEADER  IN  PAPER  PRESERVATION 

1 1 1  Thomson  Park  Drive 
Cranberry  Township.  PA  16066 
(724)779-2111 


